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.. CHAPTER OHE. IIÎTRODUCTIOII 
The relatively wide geographic distribution of sheep and the dual 
goals of sheep production, that of meat and wool, has led to the develop­
ment of many genetically distinct groups. These breeds or strains may in 
one way or another differ in productive ability or in adaptation to differ 
ent geographical areas. 
Crossbreeding of sheep, especially for lamb production, has become 
widespread in the United States. Thus the problems of improving the 
genetic merit of sheep become increasingly involved. 
Robert Bakewell in the pre-Mendelian era (l725~1795) suggested the 
rule "Breed the best to the best". Even though this advice still holds, 
it is far from clear how to define the best animals and how to loca'^e them 
Identifying animals to produce superior crossbreds is no exception to 
Bakewell*s rule except that the definition of best may be somewhat 
different than if a line of purebred sheep were the only goal. Cross­
breeding is especially important in sheep production because of the great 
difference with respect to the demand for the products of sheep.and 
because of the manifold characteristics necessary to meet localized 
conditions in an industry covering such diverse territory. Through 
crossbreeding, a limited number of breeds can provide a larger number of 
combinations to meet these specialized demands. 
The practice of crossbreeding sheep introduces a considerable problem 
from the standpoint of producing or purchasing replacement animals. It 
also often makes the problem of selecting rams a difficult one. This is 
the main reason why, in recent years, crossbreeding has been used to 
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develop new "breeds which are better adapted to local ecological circum­
stances and can "be propagated enter se. Examples are the Targheej 
Columbia and Panama breeds. 
However, as long as the stage of producing a new breed has not been 
reached; the rams of one breed are used on the ewes of another. These 
rams are usually selected according to their own performance or the 
performance of their purebred progeny.. One may, then, ask if the "best" 
animal for purebreeding is also best for crossbreeding. 
It is the purpose of this study to evaluate rams by means of both 
purebred and crossbred progeny performance and to•investigate the relation­
ship between the two evaluations. This should indicate whether rams, 
selected for purebreeding are proportionately superior for crossbreeding. 
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GHAJTEE TWO. LITEBATURE REVIEW 
Evaluating the breeding value of potential parents is of primary-
interest ~in animal "breediiog. The genetic gain from selection in the 
generation in which the parents are evaluated depends on the accuracy 
of this evaluation. Three levels of evaluating genotypes are common; 
1, evaluating genotypes on an individual basis, i.e. evaluating the 
genotype of a "potential parent", 
2, evaluating genotypes on a line basis, and 
3, evaluating genotypes on a breed basis. 
The use of one level or the other depends largely on the species 
for which the breeding plan is designed and on what is known about the 
character(s) in which we are interested (e.g., Clarke, I962), The first 
level is most common in the less prolific species where a member of the 
species has relatively great worth,'as in cattle, sheep, horses and swine. 
The level of evaluating the genotype of a line is more common in prolific 
species where one can develop a large number of lines (e,g, inbred), 
test them, and cull sufficiently among them to make the breeding program 
efficient (Sang, I956), Such a level of testing is most common in corn, 
poultry and to a lesser extent in swine. In sheep, however, a test at 
this level is being investigated in Dubois, Idaho, and elsewhere, but is 
not yet widely used commercially. The third level of evaluation, that of 
a breed, can be followed, and in fact has been, in all livestock species. 
Although there is a great deal of variation within a breed itself, 
every breed possesses certain parameters that are peculiar to it and 
distinguish it from the remainder of the species. Under conditions where 
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crossbreeding is a part of the breeding program an important factor in 
determining the "goodness" of a breed vill be its performance in crosses. 
Certain breeds may nick together to produce more desirable progeny (Damon 
et al., 1961, Fredeen, 19$6, 1957)» The character(s) breeders are interested 
in is (are) an important factor in determining the type of cross to be 
followed. In sheep, for instance, generally a heavy breed, i.e., Stiff oik, 
Hampshire, Lincoln, etc. vhen used as a sire breed produces a heavy lamb 
at weaning, while a breed such as Southdown usually excels other sire 
breeds in carcass quality (Carter, 1958). 
It is even, sometimes, important to evaluate the breed separately 
as the paternal or maternal parent, for some breeds may perform rela­
tively better on one side of a cross -than on the other (Carter and Henning, 
1951; Cox et ^ ., 1959; Terrill, 1958; Joseph, 1931; Henning and Keith, 
1955; Hultz £b al,, 1955; Miller, 1955; Bonsma, 1959; Poster and Hostetler, 
1959; Gorman et al., 1942; Neale, 19^5; Coop and Clai'k, 1957; Coop, 1957 
and Carter £b ^ ., 1957). The difference between reciprocal crosses is 
mainly due to sex-linked genes and maternal abilities of the breeds. The 
three level, of evaluating genotypes, however, are by no means mutually 
exclusive; more often, a combination of them is used in varying degrees 
depending on the circumstances. 
In either of the two main purposes in crossing sheep viz cross­
breeding to form new breeds or grading up, and crossbreeding for lamb 
and mutton production (Eae, 1952a, b), one has ultimately to answer the 
question of what ingredient breeds should constitute the cross to 
produce the most desired animal under given conditions. Parent breeds 
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of an anticipated new breed or cross are often chosen on the basis that 
they may complement each other. To improve the mutton gmlity of Merinos 
in Merino ewes were first crossed to Romney rams. Apparently this 
combination did not meet the requirements so the flock was discontinued 
and Merino ewes were then bred to Lincoln rams. After the crossbred had 
been genetically stabilized the Corriedale, a new breed, was evolved. 
Also English Leicester rams bred to Merino ewes are said to have played 
a part in the formation of the Corriedale (Little, 19X1} Losty, 1925 
and N.Z. Dept. Agric., 1^40), 
In the U.S.A. southwestern semi-arid desert the Navajo sheep is 
well adapted to local climatic conditions. However, the production from 
that breed is low in q.uality as well as in quantity. Weight is light 
and wool is hairy but the breed is hardy and animals can travel long 
distances for herbage and water. In an effort to improve the production 
level of the breed the USDA graded the Navajo up with mostly Rambouillet 
rams. However this spoiled the adaptability of the breed to the prevail­
ing conditions and the new combination produced a wool that was too fine 
for hand weaving by Indians. Investigations were carried out by Grandstaff 
(l$l|.2) and Sidwell and Grandstaff (19^9) ^ and Sidwell £t a2. (1951) to 
cross Navajo ewes with Corriedale, Romney crossbred rams and Navajo 
rams. These investigations showed that purebred Navajo were lowest 
in weaning weight. Tests are still being carried out at Port Wingate, 
New Mexico to develop the type of animal that suits the conditions, is 
better in production and has wool with good hand weavability. The 
developing of the "cross-bred wool" breeds, e.g. Columbia and Panama, 
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also serves as an example of the importance of "breed crossing.. 
The quest of crossbreeding, however, should not stop at specifying 
the ingredient breeds. Since there is a great deal of variation still 
within the breeds, one therefore might gain by considering which are the 
specific parentages that may produce the best crossbreeds. On the female 
side one cannot do much discrimination due to the large number required 
as compared with the relatively small number of progeny that a ewe usually 
drops during her life. As compared with the female line, the sire line 
- is a potential source of improvement because of the smaller numbers 
• » needed. 
Crossing a sire to ewes of the same breed to produce parents of the 
next generation and crossing him with ewes of different breed(s) to 
produce lambs for the market is a usual practice in the sheep industry 
(Rae, 1952a). In this operation, breeders make use of "hybrid vigor" 
in crossbred lambs or ewes (Terri11, i960), yet they maintain their 
pure stocks to produce future parents. Nevertheless, not all market 
lambs are crossbred, because the culled and excess purebred lambs will be 
sent to market as well. At this point it may be asked how the parameters 
of sires as estimated from their purebred progeny differ from those as 
estimated from the crossbred progeny. Within a breed, do sires rank the 
same when judged by their purebred progeny as when judged by their 
crossbred progeny? 
Enfield and Rempel (1962) specified that the rate of genetic progress 
that can be made in improving crossbred performance by selection within 
pure lines can be estimated if the following information is available 
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(a) selection intensity in the purebreds, (b) phenotypic variance of the 
selection criterion in the purebreds and (c) the covariance of sire 
effects in the populations under selection and in the population cross. 
Comstock (i960) further points out that if regression of crossbred sire 
progenies on purebred sire performance is low, selection for purebred 
performance "will be proportionally ineffective for improving crossbred 
performance. Selection for crossability may be made more effective if 
it is based on the performance of the individual; family or line in their 
crosses, (Pickerson et al., 195^). Working on Minnesota lines of s"wine, 
Enfield and Rempel (1962) estimated the covariance of sire effects in 
purebred and crossbred pigs by 56 sires as follows: "weaning "weight 
-2.42 + 3.67 (lb.), average daily gain 0.00^0 + O.OOI8 (lb.) and backfat 
probe 0.005 + 0.0007 (in.). 
Bowman (i960) derived a regression coefficient of purebred progeny 
on the crossbred progeny of the same sire. He concluded that a negative 
regression (i.e., negative covariance also) can only be obtained "when 
over dominance is present. A positive or zero regression, ho"wever, does 
not necessarily Jmply the absence of overdominance. Bowman's derivations 
are based on the assumptions of diploid segregation, no multiple allelism, 
no epistasis, a homozygous tester and equal effects of all genes. The 
first assumption is the one that is fulfilled in Enfield and Rempel*s data 
and almost all data on quantitative traits in large animals would be the 
first. The exact relevance of applying Bowman*s conclusions on calculation 
from single loci to multigenic characters is unknown. For quantitative 
characters, however, it is intuitive that genes with the largest effects 
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vill contribute relatively more to the regression (Bowman, i960). 
Wilson ^  al. (1962) studied the regression of the productivity of 
the sire's purebred daughters on his crossbred daughters in forty-five 
sires. They reported the following regressions: number of pigs farrowed 
per litter -1,7 + .2$, number of pigs weaned per litter -.23 +0.27, 
litter weight at farrowing -.02 + ,29 (lbs,) and litter weight at ^6 
day -.28 + .27 (lbs,). 
In an effort to estimate the effectiveness of selection in purebred 
populations for achieving improvement in crossbred populations Robison 
et al. (1964a, b) estimated the "genetic correlations" between purebred 
and crossbred half-sibs performance. They estimate thé "genetic 
correlation" as 
Gov s s 
P c 
QS 
c _ c 
s ®c 
^i 
c ^p ®P e 
where Gov s s is "the covariance between purebred and crossbred 
P c 
progeny means"; Og, 0^ and are "the variance among sire means, 
variance due to dams within sires, and error variance", respectively; 
N, and are the harmonic means of individuals and dams per sire 
I D 
respectively, Their results for different sire groups and characters 
are reported as follows 
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No, l40-day weight Back-fat probe Uo, farrowed Uo, raised 
Sire group of correlations correlations correlations correlations 
Sires genetic rank genetic rank genetic rank genetic rank 
Duroc 5 0.72 0,08 0.21 0.67 -0.70 -0,70 <-1.00 -O.7O 
Yorkshire 
.(1961) 5 >1.00 0.90 0.00 0.00 <-1.00 -0.70 <-1.00 -0.60 
Yorkshire 
(1962) 8 0.72 0.16 >1.00 0.12 -
Similar work on linecrosses 
in discussing purebreeding and crossbreeding one cannot help touching 
on the relatively richer literature of inbreeding and linecrossing. 
The difference between the two situations may be only in degree. A 
breed may have some fixed genes that make that breed distinct from the 
rest of the breeds, this in addition to having different frequencies of 
other genes. However, a line will have some additional fixed genes 
(especially highly inbred lines) beyond these that are common to the 
entire breed. Lines and breeds, thus are separate entities and are 
propagated more or less by mating inter se, allowing genes to drift, 
especially if separation has existed for many generations (Lush et al., 
1939). Also the two situations may be similar in that the offspring from 
a cross between breeds or two lines would usually be more heterozygous 
than individuals within the group from which they were derived, (Durham 
et 1952 and Donald, 1955). This greater heterozygosity will form . 
a basis for more intra as well as interallelic interactions, thus 
permitting the progeny of crossbreds to be genetically more 
variable. 
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However, this is the theoretical expectation "but the full exjiression 
of such added.variability will depend on the number of animals observed. 
Bradford £t a2. (1963) found no difference in variability between 
purebred sired lambs and crossbred sired lambs in all traits studied, 
Eempel et al. (196I4.) reports similar results from swine data. Variation 
within lines is relatively less, especially if the lines are inbred. 
Even though inbreeding is not an essential feature of line-crossing 
program, it insures a relatively higher degree of repeatability of the 
results, 
Craig and Chapman (1955) report significant correlations of 0.84 
and 0,85 between linecross and line of sire and between linecross and line 
of dam, respectively, for weight of rats at 13 weeks, They conclude, 
however, that while line's own performance is as reliable as topcrossing 
for ranking the inbred lines, the line's own performance is not indicative 
of the .amount of hybrid vigor likely to be obtained in crossing as are 
the crossing tests, Flowei' et al, (I963) found in beef cattle that when 
three inbred lines were tested against a common inbred line, both birth 
weight and final weight of top crosses ranked the same as the lines in 
their pure state for growth traits measured throughout life. The same 
authors also noticed "that linecross performance is not predicted from 
line performance of weaning weight and post weaning daily gain due 
to inbred line differences in maternal ability and compensation for this 
effect," 
Bradford et (1958) reported that while the ranking of three lines 
of inbred pigs in 154-day weight were the same in three crosses though 
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different from inbreds, ât 56 days the ranking of sires was not the same 
in lineerosses or topcrosses. This may lend support to the postulate of 
Flower ^  (1965) that unpredictability of ranking in crosses may be 
partly due to differences in maternal ability of inbred lines, The 
56-day^ weight in swine reported by Bradford et is likely to be 
influenced by maternal ability more strongly than weight at 1$4 days. 
Ueverthelèss; in the latter study the general conclusion was reached that 
ranking was almost the same in the three types of crosses but their ranking 
is different from their linebred ranking. ^ 
It seems that the predictability of crossline performance from 
parental performance depends on the maternal influence and specific 
combining ability of different lines. The evidence that the performance 
of a cross cannot always be predicted from the performances of its 
ingredient is at least as early as I892 when McCluer reported that 
"...there seems to be no way of telling beforehand what varieties will 
when crossed produce corn of an increased size and what will not". 
The frequent unpredictability of a cross from its parents is mainly due 
to the lack of knowledge of the genetic mechanism of heterosis. Until 
such mechanlsm(s) is more fully demonstrated "selecting for such phenomenon 
will remain very much on a hit or miss basis" (Bowman, 1959). 
Henderson (1952) defined the general combining ability as "the 
average merit with respect to some traits or weighted combination of 
traits of an indefinitely large number of progeny of an individual or 
line when mated with a random sample from the specified population", 
while the specific combining ability is defined as "the deviation of the 
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average of an infinitely large number of progeny of two individuals or . 
lines from the values which would be expected on the basis of the known 
general combining abilities of these two lines or individuals and the 
maternal ability of the female parent". From à statistical point of view, 
general combining ability may be regarded as the average performance of 
a 'line, an individual, or a breed under given conditions while the 
specific combining ability may be conceived as the interaction between 
the two parents after accounting for maternal ability. 
Maternal Influence is an important factor for it sometimes surpasses 
the effect of the genes an animal inherits from its mother (Carter et al., 
1951 and.Bradford, 1958). 
If differences in specific combining abilities are an important 
source of variation, ranking of lines, breed or individuals is not 
expected to be the same in the pure state as in the cross state. The 
relative importance of specific and general combining abilities will 
depend on what lines, breeds, and individuals are involved. Craig and 
Chapman (1955) found specific combining ability to be of little importance 
in determining l^-week weight in rats, They concluded that the linens own 
performance was as reliable as crossing for ranking the lines in a 
series of crosses. Hetzer et (I961) found little evidence of specific 
combining ability in crossing inbred lines in swine. Magee and Hazel 
(1959) also found no significant specific combining ability in three-
line crosses of swine. 
Flower et al. (1965) found no difference in specific combining 
ability of 100-day weight among Hereford inbred lines. In studying the 
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performance of crosses among beef breeds Damon et a2. (1961) showed a 
significant specific combining ability of the following characters: 
180-day weight, .rate of gain and weight per day of age. !Eae difference 
in slaughter calf grade wâs not significant. 
In sheep, recurrent selection among inbred lines and selection 
among sires within lines to make use of specific combining ability is 
still ih the developmental stage, .In.the fall of 19^9 matings for 
testing some Rambouillet inbred lines for both general and specific 
combining ability were started (USM, I950), In 1955 reports from the 
Western Sheep Breeding Lab.,-Dubois, Idaho, indicated that non-
additivity was not important beyond that which could be accounted for 
by heterosis (USDA., 1955).. In 195^, it was reported that "evidence of 
superiority of inbred Rambouillet lines linecross progeny over straight 
line progeny" is absent. These reports, however, are preliminary and 
more complete results will be available later. However, the same report 
showed that top-crosses excelled linecrosses. The reason for that may be 
the relatively depressed maternal ability of inbred ewes (including 
milking ability) as compared to the non-inbred ewes, as reported by. 
Bonsma (l959). 
The relative importance of specific and general combining ability 
differs from one character to the other and according to the crosses 
involved. This relative importance is ultimately determined by the mode 
of action and interaction of the genes responsible for genetic variation 
in a character in a given population. 
lit-
Generally, it seems that the lower the heritability of a character 
the greater the chance for specific combining ability to be important 
(Dickerson, 1952). In fact, recurrent selection is usually prescribed 
in situations where the additive genetic variance has been reduced or 
exhausted (i.e., h^ is low) to make use of the non-additive genetic 
variability that might still be existing in the population. Furthermore, 
Craft (1955) points out that characters that respond favorably to crossing 
are those that are most adversely affected by inbreeding. Such non-
additive genetic diversity between the outbrèd and some inbred lines in 
swine was reported by Durham et (195$), between breeds by Winters 
eb (1955) ^ Lush et a2. (1959) ^ Button and Russell (1939), Damon et al. 
(1961), Robison (l9it-8), and between lines by Dicker s on et (l9il-6), War­
wick and Wiley (1950), Sierk and Winters (1951); Chambers and Whatley 
(1951), and Bradford et (1958). The more divergent the groups to be 
crossed, the higher specific combining ability one expects (Durham et al., 
1952; Fredeen, 1957; Damon et a2., I961 and Moll £b al., I962). Characters 
with low heritability such as prolificacy and viability usually exhibit 
significant specific combining ability, (Dickerson, 1952I Henderson, 19k9 
and Eaton et al., 1950). 
In a study of heterosis in crossbred Hill Sheep Donald et (1963) 
conclude that the highly heritable cannon length showed no heterosis 
while body, weight showed significant heterosis. Donald (1955) had 
reported similar remarks. Nevertheless the relationship between 
heritability and specific combining ability of different characters is by 
no means clear.cut. 
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The difference of estimates of sire parameters in the purebred and 
crossbred progeny reported in the literature did not follow a particular 
trend, Wilson et al. (1962) reported the sire variance components as 
expressed as a percentage of the "sum of the among plus within sire 
variation" for purebreds and crossbreds, respectively, as follows: number 
of pigs farrowed per litter 7.5^ and $.8^; litter weight at farrowing 5.2^ 
and 11.2^; litter weight at 56 days 1.9^ and 12^ and number weaned per 
litter negative variance component and 6.6^. 
Miquel (1965) reported the following comparisons for beef cattle 
between purebred and crossbred estimates of cF and heritabilities: 
1 
Breed Trait Birth Weight, Weaning Weight Av, daily gain 
or 0^ h^ h^ h^ Cross s s s 
Hereford .15 127.18** .2k .0159** .74 
Brahman $.3 .16 I81I-,758* ,0042** .25 
B X A 18.252** .55 128,22 .25 ,0252** .96 
H X B 9.099 .50 109.9^ ,22 0 0 
B X (BxH) 6.272 .26 37.65 .26 ,0077 .42 
H X (BxH) 7.81^8 .20 111.55 ,20 ,0147 .70 
From these data Miquel and Gartwright (196$) concluded that heritability 
was higher in crossbreds than it was in purebreds for birth weight but 
not for other characters. 
In sheep, the selection among rams for crossing ability on grade 
ewes was considered by G-ivens et (i960). They estimated heritability 
from the crossbred progeny as 0,07 for weaning weight; 0,l8 for daily 
gain; and 0.12 for market grade. These estimates are considered in the 
lower range of the estimates of such characters, as compared with 
estimates for purebred lambs, 
for P < ,05 and ** for P < ,01, 
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Adjustable effects 
One of the difficult tasks in animal breeding research is freeing 
genetic estimates from the influence of extraneous factors. Extraneous 
factors are those that can be observed and corrected for. In the 
early as well as the contemporary sheep breeding literature a great 
effort vas, and is still being made, to estimate correction factors for 
these extraneous effects under different conditions. The work of 
Hazel and Terri11 1946) clearly indicated the efficiency of 
adjusting for identifiable factors for more efficient evaluation of the 
animal's breeding value. In their paper of 19^6 Hazel and Terri11 reported 
that the adjustable factors accounted for k9.^ fo of the total vari­
ability in weaning weight. They found significant differences in weaning 
weight due to sex, age of dam, type of birth, age of weaning and percent 
inbreeding. Hazel and Terrill (19^6) reported that the difference in 
weaning weight between breeds was significant. Also, Blackwell and • 
Henderson (1955) found that sex, breed, age of dam, type of birth and 
rearing and age of lamb at weaning contributed significantly to the 
variability of weaning weight. In that study Blackwell and Henderson 
found that age of dam influences lamb weaning weight curvilinearly in 
Corriedale, Hampshire and Shropshire sheep, reaching a peak at approxi­
mately 5 years of age. 
Botkin et al. (1956) reported a regression of O.k-l lbs. on days of 
age at weaning. They found also differences due to sex and type of birth. 
In their studies the age of dam had little influence on weaning weight. 
DeBaca et al. (1956) reported that breed of sire and breed of dam, breed 
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of sire "by "breed of dam interaction, and birth type by sex interaction . 
accounted for from 45 to JO^ o of the variability in weaning weight. 
Harrington et (1958) reported that breed of dam, type of birth and 
rearing; sex and age at weaning accounted for $0 to kh'fo of the variance 
in weight at about 155 days of age. They also reported that regression 
of weight on age was almost linear until the age of 155 days. Shelton 
and Campbell (1962) found differences between sexes and between types of 
birth, but no difference among lambs of ewes ranging from 5 to Y years 
old. However, ewes 2 and 8 years of age had lighter lambs at weaning 
than those from 3 to 7 years. 
Reporting on Irish data, O^Perrall and Vial (1965) found that 
correcting for age at weaning, age of dam, sex and type of birth and 
rearing in flock A reduced the birth weight coefficient of variability 
from 22 to l6%. [Chus fewer progeny would be required in sire evaluation 
programs. They showed that mature ewes (5-year-olds and over) weaned 
significantly heavier lambs than 2-year-old ewes, the difference ranging 
from 4.9 to 9.2 lb. 
Sidwell et a2. (I965, 1964), working on data from the same origin 
as the data in the present study, found significant differences among 
years, sexes, types of birth and rearing, age of dam, age of lamb at 
weaning and sex by type of birth interaction. In the same study Sidwell 
et al. (1965) reported significant differences in weaning weight from 
the interactions sex x purebred or crossbred, sex x low and high year, 
and the regression on date of birth. 
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Yalcin and Bichard (1963 and 1$64) obtained generally similar results 
although, contrary to the report by Blackwell and Henderson (1955)^ they 
found that the heaviest lambs were out of ewes 7 or more years old. 
There are many ways to correct weaning weight for age at weaning, 
Warwick and Oartwright (1958) tried six different methods of adjustment. 
All six methods seemed quite satisfactory, giving correlation coefficients 
between the calculated and the actual 120-day weight ranging from 0.9^ 
to 0.99. Hiis high degree of precision may be partly due to the linearity 
of growth curve over the ages' studied, as reported by Harrington et a^, 
(1958), The possibility of this regression being affected by rainfall 
and pasture conditions was expressed by Donald (1962), who reported a 
regression of O.61 lb. per day in one year and 0.20 lb. per day in the 
following year. 
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CHâPEEE THREE. MTA. 
Data used in this study were collected during the period from I958 
through 1963 from the USDA sheep flock at the Agricultural Research 
Center at Beltsville, Maryland, Records were available for I852 lambs 
distributed as shown in Table 1. Details of breed crosses are shown in 
Table 21, 
Table 1, Distribution of lambs by breed and year 
Year Total Hamp­
shire 
Shrop­
shire 
South­
down 
Pure-
Merino 
Bred" 
CXS^ Targhee Dorset Cross-
Bred 
No. of 
Bands 
1958 175 $4 10 17 37 77 None 
1959 339 2k 23 15 42 69 45 - 121 3 
i960 287 26 19 7 31 33 32 - 137 4 
1961 4oi 21 23 29 24 77 53 - 174 4 
1962 303 35 9 - 33 29 52 145 4 
1963 347 30 - - 40 112 66 31 68 4 
Total 1852 170 84 68 207 322 248 31 722 
^See context for definition of CXS breed. 
One of the main objects of the experiment was to evaluate the effect 
of management and vermifuge treatments on the control of parasites and 
on the economic traits of lambs. The flock of ewes and lambs was divided 
into bands each of which had different treatments, Number of treatments 
used each year is shown in Table:1, In the first year, the ewes were 
randomized before they gave birth to their lambs. In subsequent years 
ewes and their lambs were randomized Onto treatments just before going 
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on pasture. An effort was made to "balance the number of ewes in each 
treatment with regard to treed and agej other than that, allocation of 
ewes to different treatments was at random. 
The Columbia Southdale strain(CXS) 
This strain was developed at the United States Morgan Horse Farm, 
Mlddlebury, Vermont. The purpose was to obtain a strain of sheep that 
would produce efficiently an abundance of high quality wool as well as 
meat. The development of this strain began in the fall of 1930 when 
Corriedale ewes were mated to Southdown rams. Sheep from this cross were 
interbred without backcrossing to either parent. Progeny from such 
crosses were called Southdale, In 1^44, in an attempt to add more size 
to this strain, Southdale ewes were bred to Columbia rams to produce the 
Colutnbia-Southdale (CXS), The progeny of this cross have since been mated 
inter se to amalgamate the inheritance of the component breeds. The CXS 
strain was introduced at Beltsville early in 1950, 
Management of treatment groups 
Ewes with their lambs were kept in dry lots until pasture was ready. 
Experimental treatments were usimlly started in early April when the lambs 
averaged about 2 months of age. Main management procedures used for each 
band are shown in Chart 1, In 1958 the entire flock was managed the same 
way as band III of 1959. 
All lambs were weighed on bi-weekly intervals and weaned at the 
weight nearest to an age of 120 days except for band one in I963 (See 
Chart 1), Approximately twenty lambs of each band in every year were used 
for intensive parasite surveillance. Fecal counts of eggs were taken every 
Chart 1. Treatments "by bands and years 
Year Band- - I H 
1958 As Band HI 1959 
1959 Lambs: in dry 
lots on pellets 
and ,5 lb. al­
falfa hay per 
lamb. Water and 
phenothiâzine-
salt mixture 
available at all 
times* Creep 
feeding limited 
after weaning. 
Ewes: on pas­
ture without 
lambs from 4 
p.m. to 8 a.m. 
Ewes and lambs 
together in dry 
lots during the 
day. 
As Band III 1959 
Lambs and ewes 
on clean pasture 
(not grazed pre­
viously during 
1959). Moved to 
a new pasture at 
intervals not ex­
ceeding Ik days. 
i960 Same as 1959 Same as 1959 
HI IV EEMAEKS 
As Band HI I959 As Band III 1959 
Lambs and ewes on 
parasite contamin­
ated pasture but 
movement to other 
pasture dictated 
by availability of 
forage. Water and 
phenothiazine salt 
mixture available at 
all times. Animals 
graze pasture that 
had been grazed before 
in 1959. Free access 
to pellets fed in 
creeps in pasture 
until weaning N.F. 
Phenothiazine and 
copper sulphate 
treatments for 
lambs after weaning. 
All mature 
ewes were 
drenched with 
N.F. pheno-^ 
thiazine sus­
pension just 
prior to pas­
ture season. 
Same as 1959, Same as Band III 
Treated with National but treated with 
formula (N.F.) purified pheno-
phenothiazine, thiazine instead 
of the H.F. 
Chart 1 (Continued) 
Year Band- - I II 
1961 Lambs in dry lot 
on green chopped 
forage. Nursed 
ewes only at 
night, 4 p.m. to 
8 a.m. Ewes on 
pasture during 
the day. 
1962 Same as 1959 and 
i960. 
Same as 1959 
and i960. 
Lambs: nursed 
ewes from 4 p.m. 
to 8 a.m. in dry 
lot then lambs on 
clean pasture un­
used previously by 
sheep. Pasture is 
divided into two 
parts and lambs ro­
tated as dictated 
"by forage, but not 
returned under 4 
weeks. Ewes: 
Same as Band I. 
Treated with 
purified pheno-
thiazine. 
Ill IV EEMAEKS 
Same as i960. Same as i960. 
Pastured as I96I- Pastured as I96I All ewes and 
with purified with thiobenda- lambs except 
phenothiazine zole therapeu- band IV had 
treatment. tic treatment. access to 
Free access to water and 
non medicated phenothiazine 
salt. mineral salt. 
Chart 1 (Continued) 
Year Band- I II HI IV REMAEKS 
1965 Lambs: weaned Same as I962, Same as I962, Same as I962, 
at the beginning 
of the experiment 
(approximately 60 
days of age) and 
turned on to reno­
vated pasture not 
previously grazed 
"by sheep. Ewes; 
not involved. 
2k 
two weeks on a composite sample from the surveillance lambs. A "blood 
sample also was- drawn from each of the animals through an auricular vein 
and packed erythrocyte volume determinations made by the microhematocrit 
method. Lambs were periodically sacrificed for post mortem worm counts. 
The sacrificed animals, which averaged 10 per year per band, were 
replaced by lambs of the same band so as to keep about 20 animals in 
each band on surveillance at all.times. The phenothiazine salt mixture 
used in 1959 consisted of 67,5^ EaCl, 22.5^ dicalcium phosphate and lOfo 
wettable National Formula phenothiazine. However, in the years i960 
through 1963 the salt mixture was composed of 65^ UaCl, 20^ dicalcium 
phosphate, 10^ purified fine particle phenothiazine and 5^ magnesium 
carbonate to keep the powder mixture from caking. 
» 
ThiabenzadQle doses were of the q.uantities: 
1.0 gm. drench for < 4$ lb. lambs. 
1.5 gm. drench for 46-65 lb. lambs, 
2.0 gm, drench for 66-85 lb, lambs, 
2.5 gm. drench for 86-110 lb. lambs, 
3.0 gm. drench for 111-132 lb. lambs. 
Antheljnintic 
Therapeutic treatments were applied only if warranted by Haemonchus 
egg count (reaching about 1,000 e.p.g.). Therapeutic doses of pheno­
thiazine used were in the following q.uantities; 
1.5 gm. drench for < 50 lb, lambs. 
3.0 gm, drench for more than 50 lbs. • 
Such action in the experiment makes it impossible to separate therapeutic 
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treatment effects from other treatments; they are totally confounded. 
However, it may be argued that such therapeutic treatment was an integral 
part of the overall management treatments and there is no need to 
separate them. It can also "be seen (Chart 1) that treatments for each 
band-varied from year to year. 
General management of the flock 
The flock is wintered after the first snow fall in November or when 
grass becomes insufficient for maintenance. The sheep are fed on alfalfa 
hay, some grass or corn silage and pelleted alfalfa, (Sidwell et al., 
1962). In the last month of pregnancy and until they go to the spring 
pasture, the ewes are usually supplemented with up to 1 lb, of grain. 
The permanent pasture contains mainly orchard grass, blue graSs, ladino 
clover, some timothy and some fescues, 
in 1958, the breeding season extended for approximately one month 
starting on September 1, Starting in 1959, the.breeding season was 
advanced 2 weeks to August I5, The aim was to wean lambs before the 
beginning of hot humid months of summer when "the parasite problem 
becomes acute", (Sidwell, 1962), 
All the ewes were pen mated, Matings within the purebreds were 
random except from the restriction that no half sib, son-mother or other 
closely related matings should be allowed. At least 5 rams were used 
from each breed every year, 
01 i THRte and topography 
The temperature normally ranges between 10°F. in the winter to 
95°F. in the summer. Temperatures outside this range would be fairly 
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unusual, The summers are characterized by hot, humid days. The annual 
precipitation averages 40 inches with about half of the moisture coming 
during the winter months. 
The topography can be described as gently rolling. Soil types at 
the Research Center vary from a heavy red clay to sandy loan. 
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CHAPTER FOUR. BIOMETRICAL 
Sire effects 
We •will assume the existence of paternal half-sibs families within 
•which an observation on the jth half sit in the ith family can he 
represented by the model. 
• ïij = f + =1 + • 
The (i is an effect common to all individuals, s^ is an effect common to 
all half sibs having the same sire and e.. is a ramdom error. The Y.. ij 
is assumed to be either physically controlled for the other adjustable 
factors or appropriately statistically adjusted. This model can be 
further specified to denote either purebred or crossbred individual by 
superscripting the quantities in it, namely 
+ sf + aP. (1) 
for the purebred and crossbred lambs, respectively. In this representa­
tion each of the n sires has n^ and n^ purebred and crossbred progeny, 
respectively. ' 
Applying proper constraints, one can estimate the and compare 
their values or rank in the purebred lambs with those in the crossbred 
lambs. Given that dams were randomly assigned to sires, one could 
expect that ranking of sires would,be the same in purebred and crossbred 
unless there was some interaction between the sire and the breed of the 
dam. A part of this investigation is to compare these rankings, to see 
how predictable the sire performance in one breeding group is from his 
performance in the other breeding group (i.e., pure breeding and cross 
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"breeding), . 
For the models stated above, estimators can be developed to estimate 
- "p X 
parameters specified. Also the covariance between sY and s^ -will be 
estimated. 
From 1 we have: 
- ï . i • ! •  I  1 X 
n? 
J —-L 
Similarly from 2 ve have: 
a - -
•where i = 1, —, k and the dot indicates averaging on the absent subscript. 
Covariance estimates 
E Z (yF.yï.) = E Z [(8? + ^ 5 Z )(s= + Z e* )] 
i=l ^ ^ i=l ^ n? 1 n. 
k il
= s (s? s?) + other products 
i=l ^ 
= (k-l)cf (5) 
where Es? = Z s^ = 0 and the y. 's are the corrected ones. Thus> 
k-1 ^  
a = Y Z (y^ y^ ). Assumptions for reaching the foregoing result 
SpS^ k-1 ^ i. !• 
are the following: 
E (s^gX) = cr 
P x 
E(s^e^) = E(s^eP) = E(e^e^) =0 
Application to the data 
The adjustable factors that were thought to be contributing to the 
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variability in weaning veight of lambs were considered in the model 
simultaneously with sires, From Chapter Three it is apparent that 
vermifuge treatments were not the same across years. Also, not all 
sires were repeated every year. These two reasons enhanced the decision 
to do the analysis within years. Also, for the genetic parameter to be 
more meaningful, analysis was done within breeds of sire. 
In case of purebreds, the breed of the sire is, of course, the same 
as the breed of ewe and the lamb, Eiis is not the case in the crossbreds. 
The following model was assumed: 
^ijklmn = ^  + ^ i* ^ ij \ ^ijklmi 
where 
Y is weight of animal,at weaning in a specific year, 
H is an effect common to all lambs in a given year, 
d. is an effect common to all lambs from the ith breed in case of 
• 1 
purebreds or having the ith sire breed in case of crossbreds, 
r.. is an effect common to all lambs from the jth sire within the 
X J 
ith breed, 
s^ is an effect common to all lambs having the kth sex, 
tn is an effect common to all lambs having the 1th type of birth, 
1 
singles, twins, triplets (in some years) and twins raised as 
singles, 
is an effect common to all lambs born to ewe of the mth class 
of age: 2, 3, 4, 5, 6, 7, > 7 years old, 
is an effect common to all lambs that are in the nth band, n takes 
the values 1, 2 and 3 in 1959 "and 1, 2, 5 and 4 in following years. 
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p is the coefficient of regression of weight on the days of age at 
weaning, 
X is the deviation of the age of a lamb at weaning from the average 
age of all lambs in a given year and 
e is a random element of e - HID (O, ). 
All factors in the model are considered fixed except for sires and errors 
•which are random with E(r. .^) = and E(e^) = respectively. ij s e 
To yield a solvable set of normal equations and estimable parameters, 
restrictions are needed on the normal equations to obtain a unique solution 
for the parameters. Usual and convenient set of constraints are the 
following: 
f *i = ? ^ij = = Z a^ = Z b^ = 0. 
1 J k 1 m n 
A method of fitting constants by Least Squares as described by Yates 
(1934) and Harvey (i960) is used. This is also commonly known as 
Henderson*s Method H (1955). 
Correlations among elements of the model, which are assumed independ­
ent, present difficulty in interpreting the results. For instance a 
correlation between age of dam and the type of birth (Reeve and Robertson, 
1955) would lead to a correlation between errors of estimation of the 
effects of these two factors. However, the importance of such correla­
tions depends on the population to which the inferences are to be made. 
If in this population similar correlations prevail then "the correlation 
of errors of estimates may be unimportant" (Kempthorne, 1952). 
MacEaughton (I956) pointed out different types of possible correlation 
"between the environmental effects of age of dam and type of birth". 
' / 
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This correlation results from the relative ability of a two-year-old 
and a mature dam to raise twins if required to do so. However, since the 
incidence with which young ewes raise twins is low, this correlation is 
unlikely to be important. 
The model just described was used to study the progeny of 44 sires. 
The sires represent $6 different intra year progeny groups since 12 sires 
were used in more than one year. These sires are the ones that have at 
least two purebred progeny and two crossbred progeny within each year in 
which they were used. There were 452 and 554 purebred and crossbred 
progeny respectively from these sires. This analysis will be called 
hereafter Model I, 
For each of the purebred and crossbred groups, an analysis was made 
within years, Bartlett*s test of homogeneity of error variance is made. 
If errors did not prove heterogeneous, analysis for sires within 
breeds and residual variances were pooled across years, still separately, 
for purebred and crossbred. Tables 2 and $ show a model of the analyses 
of variances that are expected. The K?'s are expressions of variability 
in weaning weights due to that a certain factor in the model having more 
than one level, i.e., two sexes, 5 types of birth, etc. If a factor in 
the model was random this expression is conventionally called (e,g, 
Snedecor, 195^) and, 
•'B'r [H-S-L—] (OrayMll, 1561) 
1 r r 
where r denotes the rth year-breed and s denotes the pth sire within such 
subclass, N is total number of lambs in a breeding group, n^^ is the 
number of lajnbs of the sth sires in the rth subclass and n^ is number in 
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Table 2. Analysis of variance within year (model) 
Source of Variation Expected Mean Squares : 
Breed of Sire 
Sires/Breed 
Sex 
Type of Birth 
Age of the Dam 
Bands 
Reg on age at weaning 
Residual 
< + '=5 i 
i + •'s'î 
i 
Table 3. Pooled analysis of variance (model) 
Source of Variation d.f. Expected Mean Squares 
Sires/Breeds/Years d^ 
Residual within/Years dg 4 
the rth subclass. 
After the means of sires were obtained "by least squares they were 
used to study the relationships explained in the Equations 1 to 5. 
Eon-orthogonality of the data 
Data are said to he orthogonal where an estimate of any one parameter 
of one set is uncorrelated with that of any parameter of any other set 
(Kempthorne, 1952). In the present model every factor is a set, i.e. 
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the regressions of weaning weight on different types of birth form the 
sets of parameters of that factor. More rigorously if = 0 in the 
model Y = + XgAg + — X^A^ + e, then ^  will be said to be ortho­
gonal to A., where Y is the observations vector, X. is the matrix of the 
J ^ 
independent variables of ith set, i.e. breed, sex, etc.; is the 
parameter vector to be estimated and e is the error vector. The inverse 
variance-covariance matrix of such a model will be of the form: 
4. As ^ 
c c . c 
A. c c : c 
c c . c 
c c . c 
0 . C C . . C  0 0 
C  C  .  . C
c c .. c 
etc. 
0 0 c c .. c 0 
c c ., c 
etc. 
(Kempthorne, 19$2) 
This is the case in the orthodox type of analysis of variance with equal 
or proportionate subclass numbers where the estimation of one set of 
parameters is not affected by the estimation of another. The more 
frequent case in biological data, however, is that of unequal and dis­
proportionate subclass numbers where one has to resort to a procedure of 
fitting constants in an attempt to disentangle the confounded effects 
because of the disproportionality in the subclass numbers. 
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Test of hypotheses 
If we subtract the reduction in sum of squares due to fitting a 
complete model from the reduction in sum of squares due to fitting a 
restricted model, the result would "be the additional reduction of sume of 
squares due to the set of parameters absent in the restricted model after 
fitting all other parameters. Under the null hypothesis that this set of 
parameters does not affect the mean, the mean square of this quantity is 
distributed as (F, where is the error around the regression equation 
of the full model. This mean square and the mean square residual are 
both independent estimates (Kempthorne, 1952) of , If we set Dg and 
as the degrees of freedom of the set of parameters under test and 
residual respectively then the ratio 
^1 .Reduction in s, sq. due to full model - Reduction in s. sq. due 
D '• Residual s, sq, 
restricted model •, 
Residual s, sq. 
is an "F" ratio with and degrees of freedom. Of course, the assump­
tion of,normally distributed errors is necessary for such a test to be 
entirely valid, 
Heritability estimates 
Matings within the purebreds were random except from the restriction 
that no half sib, son-mother or other closely related mating should be 
allowed. In the crossbreds however, matings were random after choosing 
the breeds of parents. 
Assuming that there were no environmental correlations among paternal 
half-sibs, the estimates of the sire components obtained from Table 5 is 
an estimate of the genetic covariance between half-sibs. It, thus,• 
estimates l/k of the additive genetic variance and small fractions of 
additive by additive genetic variance. An estimate of the heritability 
in the "narrow sense" (Lush, 1^48) plus perhaps some epistasis can be 
obtained from the ratio 
se 
Analysis for adjustable effects 
Adjustable effects were included in Model I merely to get estimates 
of sires free from bands effects, They were not a target of study as such 
in that model because less than two-thirds of all data meet the restric­
tion that sires should have at least two purebred and two crossbred 
progeny. To study the effect of the adjustable effects on weaning 
weight a model similar to the one used before was used, but without the 
sires in it, namely: 
\kUm = H + a. + s^ + t]^ + a^ + b^ + P^ijijzm + ®iklmn 
where the parameters are defined as those on page 28 of the previous 
model. This model will be called hereafter Model H. 
Data on 1675 lambs born in year 1959 to I963 inclusive were analysed 
by this model and all inferences about adjustable effects are based on it. 
Analysis was done within years. This model permits estimating least 
square means of different effects and testing differences among them for 
significance. Normality of the e*s is needed for such tests to be 
entirely valid. 
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• CHAPTER FIVE. BESULT8 
Adjusting for the Fixed Effects 
Data from I958-I962 were analyzed for sire effects -according to 
Model I discussed in Chapter Four. As mentioned earlier this model 
includes the sires simultaneously "with the fixed factors. The sires 
included are those which have at least two purebred and two crossbred 
offsprings. The number of sires which satisfy these conditions in I963 
did not justify including them in the sire analysis. Each group of 
purebred progeny and crossbred progeny was analyzed separately within 
years. Analyses of variance are shown in Tables 4 to 8. Constants 
estimated for factors in the model are shown in Tables 9 to 13. Since 
all factors except sires are assumed fixed, breeds are tested for 
significance against sires within breeds; All other factors in the model 
are tested against the residual term. 
Breed in the purebred analysis is the breed of sire and dam as well 
as the lamb. However, in the crossbred analysis, it is the breed of 
sire, and neither the breeding of ewe nor the breeding of the lamb 
within the breed of sire has been accounted for. The reason is the 
relatively small number of progeny per sire, being approximately, 10. 
The only safeguard against the confounding of breeding of dam effect 
with sire effect is the assumption that within a breed of ram, ewes 
were assigned at random. Thus, these uncontrolled sources of variation 
would enter into the residual sum of squares and were assumed to cause 
no bias in estimating o|. Breed effect was always highly significant in 
the purebreds with the Hampshire being the heaviest followed by Shropshire, 
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Table 4. Analysis.of variance of 1958 purebred and crossbred weaning 
weights. Model I 
Source of Purebreds Crossbreds 
variation Degrees of Sum of Mean Degrees of Sum of Mean 
freedom squares squares freedom squares squares 
Total 97 23,007.1 76 9,572.5 
Breeds 3 8,103.2 2,701.78 3 162.1 54.0 
Sires/Breeds 8 1,188.5 148.6^ 8 . 843.8 105.5 
Sex 1 832.0 %2.0^ 1 1,193.4 1,193.1^^ 
Type of birth 2 1,493.0 746.5a 2 608,9 304.5^ 
Age of dam 6 .657.7 109.6 6 314.0 52.4 
Reg. on age • 1 0 0 1 29.6 29.6 
Residual 76 4,426.1 58.2 55 4,318.9 78.5 
J oint 
Interaction 4o 3,322.6 %.l* 36 3,203.9 89.0 
Within 36 1,105.5 30.6 19 1,115.0 69.7 
< 0.01. 
Table 5» Analysis of variance of 1959 purebred and crossbred weaning 
weights. Model I 
Source of Purebreds Crossbreds 
variation Degrees of Sum of Mean Degrees of Sum of Mean 
freedom squares squares freedom squares squares 
Dtal 103 28,450.1 119 21,191.6 
Breeds 3 12,609,8 4,203.3^ 3 174.5 58.2 
Sires/Breeds 8 426.2 55.3 8 2,072.2 234.3^ 
Sex 1 1,734.7 1,734.7^ 1 4,535.8 4,335.8^ 
Type of birth 2 2,487.7 • 1,243.8^ 2 956.2 478.1^ 
Age of dam 6 463.8 77.3 6 1,077.0 178.2 
^P < 0.01. 
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Table 5 (Continued) 
Source of Purebreds Crossbreds 
variation Degrees of Sum of Mean Degrees of Sum of Mean 
freedom squares squares freedom squares squares 
Bands 2 2,lkQ,3 1,074.2®" • 2 467.4 233.7 
Reg. on age 1 562.5 . 562-^ 5^ 1 54.8 54.3 
Residual 80 6,546.5 81.8 96 8,966.4 93.4 
Joint 
Interaction 61 5,298.5 86.9 74 7,466.7 100.9 
Error 19 1,248.0 65.7 22 1,499.6 68.2 
< 0.05. 
Table 6. Analysis.of variance of i960 purebred and crossbred -weaning 
weights. Model I 
Source of Purebreds Crossbreds 
variation Degrees of Sum of Mean Degrees of Sum of Mean 
freedom squares squares freedom squares squares 
Total 80 20,873.1 lo4 21,269.4 
Breeds 3 7,924.4 2,641.5* 3 1,250.8 416.9* 
Sires/Breeds 8 1,270.8 158.8 8 273.8 34.2 
Sex 1 674.4 674.4* 1 4,330.9 4,330.9* 
Type of birth 2 672.4 336.2* 2 1,058.3 529.2* 
Age of dam 6 •364.1 60.7 6 467.1 77.8 
Bands 3 49.5 16.5 3 1,071.1 357.1^ 
Reg. on age 1 785.2 785.2* 1 367.8 367.8 
Residual 56 4,820.1 86.1 80 7,927.1 99.1 
Joint 
63 Interaction 49 4,701.6 95.9 5,829.8 92.5 
Within 7 118.5 16.93 17 2,097.2 123.4 • 
®P < 0.01. 
^P < 0.05. 
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Table 7. Analysis of variance of I961 purebred and crossbred weaning 
weights. Model I 
Source of Purebred 
variation Degrees of Sum of Mean 
freedom squares squares 
Crossbred 
Degrees of Sum of Mean 
freedom squares squares 
Total 93 30,095.1 l4o 21,795.4 
Breeds 5, . • 13,606.0 4,535.3* 3 926.9 308.9 
Sires/Breeds 7 1,520.0 217.1^ 7 1,008.4 144.6 
Sex 1 1,556.1 1,556.1^ 1 2,354.0 2,354.0* 
Type of birth 2 576.2 288.1"^ • 2 2,443.4 1,221.7* 
Age of dam 6 1,920.5 320.1* 6 1,171.6 195.3 
Bands 3 560.0 186.7 3 237.5 79.2 
Reg. on age , 1 176.8 176.8 1 8.2 8.2 
Residual 70 6,189.1 88.4 117 11,853.6 101.3 
J oint 
Interaction 65 6,109.6 93.9 87 10.697.1 122.9 
Within 5 79.5 15.9 30 1,156.5 30.6 
< 0,01. 
^P < 0.05. 
Table 8. Analysis of variance of I962 purebred and crossbred weaning 
weights, Model I 
Source of 
variation 
Purebred 
Degrees of Sum of 
freedom squares 
Crossbred 
Mean Degrees of Sum of Mean 
squares freedom squares squares 
Total 74 . 23,030.7 
Breeds 2 , 3,311.2 
Sires/Breeds 6 I8I.3 
Sex 1 1,450.8 
Tirpe of birth 1 46l.8 
^P < 0.01. 
1,655.6" 
30.2 
1,450.8' 
461.8^ 
,a 
110 
2 
6 
1 
1 
14,952.6 
101.6 50.8' 
44.5 7.4 
4,756.3 4,756.3 
1,378.8 1,378.8®" 
a 
P < 0.05. 
Table 8 (Continued) 
^9 
Source of Purebred Crossbred 
variation Degrees of Sum of Mean Degrees of Sum of Mean 
freedom squares squares freedom squares squares 
Age of dam 6 757.3 122.9 6 319.3 53.2 
Bands 3 885.9 295.3 3 336.9 112^5 
Reg, on age 1 34.1 34.1 1 1,624.7 1,624.7^ 
Residual 54 5,426.8 100.5 90 5,1 591.1 62.1 . 
Joint 
Interaction 46 4,774.8 103.8 79 5,048.6 63.9 
Within 8 652.0 81.5 11 542.5 49.3 
Table 9. Lease square estimates of 1958, Model I 
Effects Purebred Crossbred 
No. Estimate (lb) Ho, Estimate (lb] 
The mean p. 98 • 54.5 77 58.7 
Breeds: 
Hampshire ' 34 +18.4 ± l.T 2k +2.8 ± 2.5 
Shropshire 10 - 2.9 t 2.2 11 -3.9 ± 3.2 
Southdown 17 - 8.9 ± 2.1 20 +1.2 ± 2.4 
Merino 37 - 6.6 + 1.6 22 - .1 + 2.3 
Sires/Hampshire 
+ .9 + 4.5 Sire Eo. 1 L 2 2 -2.2 i 5.4 
6 K 12 + 3.9 + 2.5 7 +5.3 + 3.5 
9 L 10 - 7.5 ± 2.6 5 - .0 + 3.8 
810 
Sires/Shropshire 
-7.7 + 3.7 Sire No. 1 I 4 - 5.9 ± 2.7 2 
8 H 6 + 5.9 + 2.7 9 +7.7 + 3.7 
Sires/Southdown 
8 +1.1 + 4.2 Sire No, 5 L - 1.2 ± 3.1 3 
8 K 2 + .1+4.2 4 -2.1 + 3.9 
7 + 1.1 + 3.1 13 + .9 + 2.8 
4o 
Table 9 (Continued) 
Effects Purebred Crossbred 
Uo. Estimate (lb) Ho. Estimate (lb) 
Sires/Merino 
Sire No. 1 J 9 + .3 + 2,0 6 +1.1 + 3.1 
21 J 14 - 2.9 + 1.8 5 -6.8 + 3.5 
14 + 2.6 + 1.8 11 +5.7 + 3.0 
Sex; 
Male 51 + 3.3+ .8 31 +4.7 + 1.2 
Female 47 - 3.3 + .8 46 -4.7 ± 1.2 
Type of birth: 
Singles 37 + 5.7 +1.5 29 +5.3 + 3.2 
Twins 54 - 4.6 + 1.5 46 -3.1 + 2.6 
Twins raised as singles 7 - 1.1 + 2.0 2 -2.2 + 3.3 
Age of dam , 
- 4.4 + 1.8 2 years 20 24 -2.5 + 2.5 
3 years 18 + 1.5 + 2.0 12 -1.1 + 3.2 
4 years 20 + 3.2 + 1.9 10 +2.2 +3.3 
5 year's 15 + .7+2.2 l6 + .6 + 2.9 
6 years 15 + 2.2 + 2.4 8 -4.2 + 3.5 
7 years 5 .1 + 3.6 1 +9.0 + 8.5 
>T years 7 -3.2 ±" 2.9 6 -4.0 + 4.1 
Regression of weight 
on days of age at/weaning .0 + «2 - .2 + .3 
Table 10. Least square estimates of 1959, Model I 
Effects Purebred Crossbred 
No, Estimate (lb) No. Estimate (lb) 
The mean n 104 : 63.9 120 72.9 
Breeds: 
Hampshire 24 +20.2 + 1.9 30 - .9 ± 1.7 
Shropshire 23 + 2.9 + 1.8 34 - .8 + 1.7, 
Southdown 15 -14.3 + 1.1 43 +1.0 + 1.6 
Merino 42 - 8.8 + 1.7 13 + .7 + 2.4 
4l 
Table 10 (Continued) 
Effects 
No. 
Purebred 
Estimate (lb) No. 
Crossbred 
Estimate (lb) 
Sires/Hampshire 
+ 1.4 + 2.7 Sire No. 6 K 9 10 +8.7 + 2.7 
9 L 7 - 0.4 + 3.0 10 -6.3 + 2.7 
4o J 8 + 1.0 + 2.6 10 -2.4 +2.2 
Sires/Shropshire 
+ 3.7 + 3.8 -5.1 + 2.8 Sire No, 12 L 5 9 
19 L 11 + 1.4 + 2.6 14 +3.7 + 2.4 
30 E 7 - 5.1 + 3.1 11 -1.6 + 2.5 
Sires/Southdown 
Sire No. 5 L 5 + 3.5 + 3.8 15 - ,4 + 2.4 
11 K 4 - 1.0 + 3.7 12 - 3.4"+2.6 
1755 6 - 4.5 ,+ 3.6 16 +3.8 + 2.2 
Sires/Merino 
-6.9 + 4.9 Sire No. 1 J 15 - .7 + 2.1 3 
21 11 - 1.5 i 2.2 4 +7.7 + 4.3 
1625 16 - .7+2.0 6 - .7 + 4.0 
Sex 
Male 55 + 4.7 + .7 +6.7 + 1.0 
Female 51 - 4.7 + .7 -6,7 + 1.0 
Type of birth 
67 Singles 65 + 3.8+1.9 +2.2 + 2.3 
Twins 55 - 7.9 + 2.0 50 -4.5 + 2,3 ' 
Twins raised as singles 6 + 4.1 + 3.0 3 +2.3 +4.4 
Age of dam 
2 years 15 - 2.4 + 2.4 32 +1.2 + 2.0 
5 years 20 + 2.8 + 2.2 32 +3.5 + 2.0 
4 years 15 + 1.7 + 2.8 15 +4.24+ 2.6 
5 years 24 + 1.8 + 2.1 20 - .5 + 2.3 
6 years 15 - 1.9 + 2.5 10. +6.3 +3.3 
7 years 8 + 1.2 + 3.1 5 -10.3 + 4.3 
>7 years 11 - 3.2 + 2.6 6 -4.5 + 4.0 
Bands 
4o +2.4 + 1.5 I 55 + 7.1 +1.4 
XE 33 - 2.4 + 1.5 39 -2.9 + 1.4 
in 36 - 4.7 + 1.5. ' 41 + .5 + 1.5 • 
Regression of weaning weight 
on days of age at weaning + .5 + .2 - .2 + .3 
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Table 11, Least square estimates of 19^0, Model I 
Effects Purebred Crossbred 
No, Estimate (lb) No. Estimate (lb) 
The mean jj. 
Breeds 
Hampshire 
Shropshire 
Southdown 
Merino 
Sires/Hampshire 
Sire No, 1016 
1 M 
1020 
Sires/Shropshire 
Sire No, 2000 
2010 
30 K 
Sires/Southdown 
Sire No, $00$ 
3017 
8 K 
Sires/Merino 
Sire No. 4001 
4025 
4056 
81 63.25 
24 +16,5 + 2.2 
19 - 3,2 + 2,2 
7 - 1.5 + 3.5 
31 -11,6 + 2.5 
6 + 8.2 + 3.4 
13 + 3.7 + 2.9 
5 -11.9 + 3.4 
5 -2.5 + 3.7 
7 - 1.3 + 3.4 
7 +3.8 + 3.2 
3 + 6.1 + 5.5 
2 - 7.3 + 6.4 
2 + 1.2 + 5.5 
7 + 2.2 + 2.9 
15 - 2.0 + 3.1 
9 + 0.2 + 3.2 
105 70.97 
19 +7.1 + 2.5 
24 + .5 + 2.0 
35 -5.6 + 1.9 
27 -2.0 + 3.1 
6 
8 
5 
11 
8 
8 
+1.8 + 3.5 
+2.0 + 3.5 
-3.8 + 4.0 
8 +1,1 + 3.2 
7 +3.3 + 3.8 
9 -4.3 + 3.5 
11 -0.6 + 2,7 
17 -0.3 + 2.7 
7 +0.9 + 3.2 
-0,7 + 2.9 
+0.2 + 3.1 
+0,5 + 3.2 
Sex 
Male 
Female 
Types of birth 
Singles 
Twins 
Twins raised as singles 
Age of dam 
2 years 
3 years 
4 years 
5 years 
6 years 
36 + 3.4 + 1.2 
45 - 3.4 + 1.2 
39 + 5.0 + 1.9 
34 - 2.2 + 2.1 
8 - 2.8 + 2.8 
10 + 4.6 + 3,0 
16 - 1.0 + 3.0 
12 + 1.3 + 2.8 
16 - 1.3 + 3.0 
14 - 1.4 + 2.7 
56 +7.2 + 1.1 
49 -7.2 + 1.1 
53 
43 
9 
21 
17 
32 
9 
9 
+5.6 + 1.8 
+2.7. + 2.2 
- 8.2"+3.0 
+2.5 + 2,4 
+1,6 + 2.6 
+1,4 + 2.2 
-6.3 + 3.5 
+ .4 + 3.4 
Table 11 (Continued) 
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Effects Pwetred 
No. Estimate (lb) 
Crossbred 
No. Estimate (lb) 
7 years 7 + 3.5 + 3.4 10 -1.8 + 3.3 
> 7 years 6 + 3.3 + 4.0 7 -2.2 + 4.7 
Bands 
I 20 - 0.3 + 2.1 36 +3.2 + 1.9 
n 22 - 1.6 + 3 33 +3.0 + 2.0 
III 19 + 1.2 + 2.4 36 
- .7 + 2.0 
IV 20 + 0.7 + 2.2 4o 
-5.5 + 1.9 
Regression of weaning weight 
on days of age at weaning + ,6 + .1 + .3 + .2 
Table 12. Least sq.uare estimates of I961, Model I 
Effects Purebred Crossbred 
Ho. Estimate (lb) No. Estimate (lb) 
The mean n 94 64.01 I4l 72.79 
Breeds 
+4.7 Hampshire 21 +20.1 + 1.8 22 + 1.9 
Shropshire 25 + 4.3 + 2.0 51 + .5 t 1.5 
Southdown 27 -10.2 + 2.0 . 44 - .1 + 1.6 
Merino 25 -14.2 + 2.0 24 -5.1 + 1.8 
Sires/ïïampshire 
+ 5.6 + +2.3 Sire IÏ0, 1016 11 2.2 10 + 2.4 
1050 10 - 5.6 t 2.2 12 -2.3 + 2.4 
Sire s/Shrdpshire 
8 3.1 , 19 -1.3 Sire Wo. 2000 - 3.4 + + 2.1 
2051 8 + 1.1 + 2.9 18 -2.5 + 2.1 
50 M 7 + 2.3 + 2.9 14 +3.8 + 2.3 
Sire s/Southdown' 
- 4.6 + 18 +1.4 Sire lo. 5010 10 3.2 + 2.6 
2017 . 6 + 1.7 + 3.6 12 -2.5 + 2.8 
6 M 7 - 7.8 + 3.4 5 -4.7 + 4.4 
8 E it- +10.7 + 4.0 9 +5.8 Ï  2.5 
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Table 12 (Continued) 
Effects Purebred Crossbred 
No. Estimate (lb) No, Estimate (lb) 
Sires/Merino 
Sire Ho, 4001 11 - .8 + 2,2 -4,2 + 2,3 
4060 12 - .8 + 2,2 +4.2 + 2,3 
Sex 
jMale 43 + 4.4 + 1.0 65 +5,2 + 0,9 
Female 51 - 4.4 + 1.0 76 -5,2 + 0.9 
Type of birth 
Singles 4o + 3.5 + 1.8 33 +5.7 + 2.0 
Twins 48 - 3,0 + 2,3 102 -5,4 + 1,7 
Twins raised as singles 6 + .5 + 3,1 6 - ,3 + 3.3 
Age of dam 
- 5.5 + 2.6 2 years 14 29 -4.6 + 2.1 
3 years 13 + 9.2 + 2.6 27 +1.2 + 2,1 
4 years 14 + 5.5 + 2.7 28 +3.8 + 2.1 
5 years 20 + 1,2 + 2.3 32 +2,7 + 2,0 
6 years 8 - 8,1 + 2.4 11 -2,5 + 3,2 • 
7 years 10 ,8 + 3,0 5 -2.5 + 4.6 
>7 years 15 - 1,5 + 2.5 9 +1.9 + 3,5 
Bands 
I 29 + 1.9 + 1,7 -0.7 + 1.7 
n 22 + 2.1 + 1,9 +2.7 + 1.8 
III 21 + 1,2 + 1,9 -0.3 + 1,5 
IV 22 - 5.2 + 2.5 -1,7 + 1,6 
Regression of weaning 'weight 
+ .41 + ,21 on days of age till 'weaning + ,1 + ,3 
Table 13, Least sqioare estimates of I962, Model I 
Effects Purebred Crossbred 
No, Estimate (lb) Ho. Estimate (lb) 
The mean p, 
Breeds 
75 70,17 111 76.63 
Table 15 (Continued) 
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Effects Purebred Crossbred 
Ho. Estimate (lb) No. Estimate (lb) 
Hampshire 35 +11.1 + 2.0 55 +1.5 + 1.2 
Shropshire 8 + 1.8 + 2.8 37 -0.6 + 1.1 
Merino 52 -12.9 + 2.5 39 -0.9 + 1.1 
Sires/Hampshire 
- 1.6 + 2,7 Sire No, 1056 12 12 -0.7 + 2.0 
1050 10 + 0.8 + 2.7 9 +1.5 + 2.1 
1086 15 + 0.8 + 2.7 14 -0,8 + 1.9 
Sires/Shropshire 
1.8 Sire No. 2010 5 -2.0 + 5.3 15 -0.1 + 
2Q62 5 - 0.4+ 5.5 13 -0.0 + 1.9 
. 50 K 2 + 2.4'+ 5.4 19 +0.1 + 1.8 
Sires/Merino 
Sire No. 405,1 11 - 1.7 + 3.8 11 -0.3 + 2.0 
4065 9 - 1.2 + 3.9 14 +0.9 + 1.9 
4116 12 + 2.9 + 3.8 14 -0.6 + 1.9 
Sex 
Male 42 + 6.0 + 1.5 61 +7.1 + 0.8 
Female 35 - 6.0 + 1.3 50 -7.1 + 0.8 
Type of birth 
+3.8 + 0.8 Singles 42 + 5.0 + 1.5 51 
Twins 53 - 5.0 + 1.5 60 -3.8 + 0.8 
Age of dam 
18 -5.8 + 2 years -2.0 + 2.4 17 1.9 
5 years 11 + 2.4 + 5.2 24 +0.6 + 1.6 
4 years 9 + 6.5 + 3.4 17 +4.4 + 2.0 
5 years 6 + 1.9 + 4.0 12 +2.4 + 2.2 
6 years 8 + 1.6 + 3.6 21 -1.2 + 1.8 
7 years 7 - 6.6 + 5.7 6 +2.6 + 2.9 
>7 years 16 - 5.6 + 2.5 14 -3.0 + 2.2 
Bands 
+ 4.8 + 2.6 1.4 I 18 29 -1.0 + 
n 19 - 2.5 + 2.5 26 -0.5 + 1.5 
HI 18 - 5.4 + 2.4 26 +3.2 + 1.4 
IV ' 20 + 2.9 +2.2 , 30 -1.6 + 1.4 
Regression of weaning weight 
+
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Southdown and Merino, However, the picture is different in the cross-
breds. Under the model assumed, breed in crossbred will contain more 
than one breeding group since they were classified by breed of sire. For 
example a lamb from a Merino ewe sired by a Hampshire ram will be in a 
different class from that of its reciprocal cross, while it will be in 
the same class if the s ire was Merino and the ewe was Southdown, for 
instance. This will tend to make "breeds", as defined in the model, less 
sharply distinct. Presumably as a result of that,.only i960 and 1962 
(Tables 6 and 8) analyses of crossbred data showed significant differences 
due to breeds. 
The effects of other factors in the models, namely sex, type of 
birth, age of dam and days of age till weaning are shown in Tables k to 
15 for Model I and Tables l4 and I5 for Model II. Since nimber of animals 
included in Model II are higher than these included in Model I, all 
inferences about these effects will be based on Model II. 
Interactions in the model 
From the analyses of variance it appears that the number of degrees 
of freedom in the residual term is relatively small to allow fitting all 
possible interactions. Also some of the interactions are less meaningful 
because levels of one variable are not represented in every level of the 
other variable. However, an attempt was made to have a rather general idea 
of the magnitude of interaction by estimating what is called hereafter 
the "joint interaction". The residual term is composed of "true error" 
or "within" plus interactions. The true error is the variance within 
the smallest subclass possible according to the model, i.e., it will be 
Table l4. Analyses of variances of weaning weight. Model II 
Source of 
variation 
d.f. 
1959 
Mean 
squares d.f. 
i960 
Mean 
squares d.f. 
1961 
Mean 
squares d.f. 
1962 
Mean 
squares d.f. 
1963 
Mean 
squares 
Breeds 8 3,085.6* 7 2,006.1* 7 3,455.9* 6 2,027.0* 5 4,068.5* 
Sex 1 7,391.9* 1 6,408.3* 1 8,817.7* 1 10,592.6* 1 8,167.7* 
Type of "birth 2 5,098.48 2 2,486.0* 2 3,420.9* 2 3,129.5* 2 1,668.2* 
Age of dam 6 328.1* 6 160.8 6 662.9* 6 193.9^ 6 216.4b 
Bands 2 3,060.2* 3 529.6* 3 628.4^  3 371.4* 3 324.7* 
Reg. on age 1 1,195.7* 1 3,616.5* 1 1,204.1* 1 2,363.2* 1 3,881.1* 
Residual 518 99.1 266 100.4 380 131.4 283 95.4 327 83.7 
Joint 
interaction 208 108.1 175 106.5 249 143.6 210 101.2 1% 88.0 
Within 110 82.0 91 • 88.9 131 108.2 73 78.6 144 78.1 
Total S. Sq. 79,846.59 63,042.56 99,587.81 62,321.31 70,227.73 
< 0.01. 
< 0.05. 
Table 15. Least square estimates of •weaning -weight. Model II 
1959 , i960 1961 1962 1963 
Effects Ho, Estimate No, Estimate No, Estimate No, Estimate No, Estimate 
(lb) (lb) (lb) (lb) (lb) 
Mean p. 339 67.5 287 67.7 4oi 68.1 303 69,4 347 67.3 
Breeds 
+8,5 + 1,6 30 Hampshire 24 +13,8 + 2,0 26 +12,9 + 2.3 21 +15.7 + 2,3 35 +l4,6 + 1.6 
Shropshire 25 - 2.5 + 1.9 19 - 7.4 + 2,6 23 - 0.5 + 2.2 9 -3.3 + 2,9 
Southdown 15 -l8,4 + 2.4 7 - 7.4 + 4.2 29 -15.0 + 2.0 
Merino k-2 -15.0 + 1.6 31 -16.8 + 2.2 24 -18.4 + 2,5 33 -16.0 + 1,7 40 -16.4 + 1.4 
0X8 69 - 0.2 + 1,5 35 + 5.5 + 2.1 77 + 1,9 + 1,4 29 - 0.7 + 1,7 112 - 4.5 + 1.0 
Targhee 45 + 6.3 + 1.7 32 + 6,0 + 2,4 53 + 9.9 +1.7 52 +6,3 +1,5 66 + 7.6 + 1.2 
Dorset 31 + 0,5 + 1.5 
2-breed 
crosses + 1.5 + 1.4 42 + 2,5 + 2,2 49 + 3.6 + 1.6 34 +1.3 + 1.7 
5-breed 
crosses 61 + 9.9 + 1.4 95 + 4,7 + 1.9 125 + 2.8 + ,8 111 +3.9 + .8 68 -1.8 + 1,2 
>5-breed 
crosses 6 + 4,6 + 2.6 
Sex 
Male 167 + 5.4 + .6 137 +4,8 + .6 201 + 4.8 + .6 144 +6.2 + ,6 174 + 5.0 + .5 
Female 172 - 5.4 + .6 150 -4,8 + .6 200 - 4,8 + ,6 159 -6.2 + .6 173 - 5.0 + .5 
Types of birth 
+ 5.4 + 1,2 144 +7.8 + 1,0 115 Singles 171 + 6,2 + 1.0 131 + 5.9 + 1.0 137 + 6.5 + 1.2 
Twins 148 - 6.0 + 1.0 129 - 3.3 + 1.0 246 - 4,3 + 1,1 139 +0,1 + 1.0 216 - 1,2 + 1.0 
Twins raised 
as singles 20 - 0.2 + 1.1 27 - 2,5 + 1.8 18 - 1,1 + 2,0 
-7.9 + 2.2 16 Triplets 20 - 5.3 + 2.1 
Tatle 15 (Continued) 
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1959 i960 1961 1962 1965 
Effects No. Estimate No, Estimate No, Estimate No. Estimate No. Estimate 
(lb) (lb) (lb) (lb) (lb) 
Age of dam 
2 years 96 - 5.1 + 1.2 55 - 1.9 ± 1.7 84 - 4.8 + 1.5 59 -2,8 + 1.5 84 - 2.9 + 1.1 
3 years 75 - 0.1 + 1.2 69 + 2.9 + 1.4 47 + 5.1 + 1.6 56 +2,4 + 1.5 85 - 1.2 + 1.1 
4 years 57 + 5.0 + 1.6 59 + 0,7 + 1.5 90 + 5.7 + 1.5 57 +2,1 + 1.6 62 - 0.5 + 1.2 
5 years 61 + 5.7 + 1.5 4o - 2.7 + 1.6 75 + 2.3 ± 1.5 52 +1.2 + 1.4 18 - 0.5 + 2.7 
6 years 29 + 2.6 + 1.7 ho - 1.8 + 1.6 29 - 0.6 + 2.0 55 - 1.5+ 1.6 55 - 0.8 + 1.8 
7 years 19 - 1.8 + 2.1 25 + 1.7 + 2,0 59 - 1.6 + 1.7 17 +0.5 + 2.2 25 + 5.2 + 1.7 
>7 years 2k - 4.5 + 1.9 21 1.1 + 2.0 57 - 2,1 + 1.7 47 -1.9 + 1.4 20 + 0,5 + 2.7 
Bands 
I 114 + 6.2 + .8 75 + 2.5 + 1.0 111 + 2,1 + 1.0 79 +5.5 + 1.0 86 + 5.1 + .9 
II 116 - 2.9 + .8 72 - .6 + 1.1 91 + 2.5 + 1,1 82 -1.5 + 1.0 85 -1.5 + .9 
HI 109 - 5.5 + .8 66 + 1.7 + 1.1 95 - 2.7 + 1.0 75 -1.1 + 1.0 87 - 0.2 + .9 
rv 76 - 5.6 + 1.0 106 - 1.7 + 1.0 69 -0.7 + 1.0 91 - 1.4 + .9 
Regression of 
weaning weight 
on days of age at wean­
ing + 4- .1 + .5+ .1 + .4 + ,1 + .5+ .1 + .8+.1 
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the group of animals that have the same sire, from the same sex, having 
the same type of birth, treated alike, born to eves of the same age, belong 
to the same breed, and adjusted to constant age at weaning. After sub­
tracting such "true error" from the residual, vhat is left is called the 
"joint interaction". Degrees of freedom corresponding to that "true 
error" will be necessarily of low magnitude, ranging from 5 to $6. 
Dividing the "joint interaction" mean square by the "within" mean 
square will yield a legitimate "F" ratio. Because of the small degrees 
of freedom of both numerator and denominator, the test is highly insensi­
tive, although it gives a chance for a large probability of "type I" error 
than if every single interaction was tested separately, None of such 
tests indicated a significant joint interaction except that for the pure-
breds in I958, The residual then was taken as the error of the experiment. 
Such conditional action, viz., pooling where F ratios are not signifi­
cant, will affect the level of probability at which the test of signifi­
cance is performed. That point was not greatly regretted, since the 
data are not sensitive enough to be delicately affected by such action 
on the one hand and the main interest is in the estimates themselves, 
rather than their errors. One further point worth mentioning is that 
Individuals in the subclasses within which the "true error" was obtained 
are more closely related than the average in the "population" from which 
they came. By the virtue of the restriction that they should be by the 
same sires, all individuals within such a subclass will be related at 
least as closely as half sibs and the twins will be full sibs. Table 
16 shows the degrees of freedom for the "true error" and the relationship 
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among them in different years. 
Table l6. Degrees of freedom within full-sibs and within subclasses 
Purebred Crossbred , 
Year Within Within full Within Within full 
Subclass d.f. sibs d.f. B.C. d.f. sibs d.f. 
1958 56 2h 19 15 
1959 19 11 22 15 
i960 7 . 7 17 8 
1961 5 5 50 50 
1962 8 8 11 9 
Such extra correlation among individuals within the subclass should 
cause underestimation of the error by a factor of p where p is a function 
of the relationship between two individuals picked at random from the 
subclass and the relationship between two lambs picked at random from the 
entire population (i.e., pure or crossbred progeny within year). This 
underestimation of the error should further increase the observed "F" 
ratio for testing the "joint interaction" term, thus causing more "type 
I" errors, i.e., rejecting more frequently than we should the null , 
hypothesis that interactions are absent. Because of this, when the joint 
interaction is still not significant, we may have some confidence that 
interactions are not really important in contributing to the variability 
in weaning weight. More detailed studies of particular interactions will 
be discussed later. 
52 
Pooling 
Before combining analyses of sires from all years Bartlett's test of 
homogeneity of error variance was performed separately on the purehred 
and crossbred data, The null hypothesis that the error variance was 
not heterogeneous was not rejected. Accordingly, the sum of squares due 
to sires within "breeds and the residual were pooled across years and the 
» 
corresponding degrees of freedom were added. The pooled results are 
shown in Table 17 for the purebred and crossbred. 
Had the sire component cF been estimated separately for each year, 
s 
some of them, namely, that of the purebred in 1959 and 1962 and that of 
crossbred of i960 and 1962 would have been negative. Such a negative 
variance component of sire would mean that two individuals picked at 
random from the population in general would differ less than two paternal 
half sibs picked at random. Such variance components with small subclass 
numbers, as is the case encountered in this study, have relatively high 
errors, especially when numbers are small. 
However, since the estimate of (f is partially a function of sire 
mean square and residual mean square, a negative 0^ may be due to under­
estimating M.S. of sires or inflation of the residual M.S. or both. In 
the purebred analysis, the average residual mean square of analyses of 
variance that would yield negative "a? is higher than those which would 
• • 
yield positive 'cP, (91.1 as compared to 77.6). On the contrary, years 
that would yield negative 0^ in the crossbred had the lesser residual 
mean square (8O.6 vs. 9I.I). It is also noteworthy that all cases in 
which is negative, considering within subclasses M.S. as'the error 
55 , 
of the analysis, still would yield negative estimates, even though such 
an error is an underestimate of the random error, as vas formerly ' 
explained. This suggests that the reason for such negative estimates may 
be underestimation of sires mean squares, 
Heritability 
The coefficients of o| in EMS were computed as discussed in 
Chapter Four. The k values, and heritability as estimated by 
4 — are shown in Table I7. Review of the Hn for weaning weight 
in the literature is shown in Table' I8. 
Table 17. Pooled analysis of variance and heritability estimates for 
weaning weight 
Source of Degrees of Sum of Mean Expected Variance 
variation freedom squares square mean square component 
Purebreds 
Between sires/ 
Breed/year 57 4,586.77 123.96 a| + 5.64 
Residual 536 27,409.10 8I.58 81,58 
°s ^ 
Heritability (Hn)= 4 ! = ,258 
Crossbreds 
Between sires/ 
Breed-year 37 4,242.74 114.67 og + kg oP 2.79 
Residual 458 . 58,657.07 88.26 oj - 88.26 
Heritability (Hn) = 4 — = .122 
0^+0^ 
s e 
^ 
^ ^  [N - £ —^ ] - - - - (Graybill, I96I) ; where 
ij ^i ; 
d is degrees of freedom for sires. 
k^ = 7.528 
kg = 9.465 . 
5ij-
Table l8. Some heritatility estimates of veaning veight from the 
literatvire 
Reference Estimates Remarks 
Hazel and Terrill (l9^5) .269 
Hazel and Terrill (l9^5) .539 
Hazel and Terrill (19^6) .17 + .05 
Nelson and Venkatachalam (l9^9) .29 
Morley (1950) .56 
Karam et al. (1955) .35 
Kyle and Terrill (l953) .2^ + .26 
Kyle and Terrill (1953) .25 + .25 
Kyle and Terrill (1955) .I7 + .08 
Kyle and Terrill (l953) .14 + .07 
Kyle and Terrill (1953) .24 + .12 
Kyle and Terrill (1953) .15 + .10 
Kyle and Terrill (1953) .06 + .08 
Kyle and Terrill (1953) .04 + .08 
Ragab et (1953) 
Blackwell and Henderson (1955) 
Blackwell and Henderson (1955) 
Morley (1955) 
MacUaugliton (1956) 
Pelts ^  a2. (1957) 
Warwick and Cartwright (l957) 
Warwick and Cartwright (1957) 
Warwick and Cartwright (1957) 
Warwick and Cartwright (1957) 
Givens et al. (1960) 
Ch*Ang and Rae (1961) 
Balch (1962) 
Shelton and Campbell (1962) 
.10 + ..Ik 
7073 
.18 
.56 + 0.08 
i33 + .45 
:i4 
.41 
.27 
.77 
.56 
.07 
.55 
.17 t 
from .26 to , 
by half-sib method 
by intrasire offspring dam 
regression 
average of estimates of 3 
breeds and 2 methods 
non-inbred RamboixLllet rams, 
by half sib correlation 
non-inbred Rambouillet ewes, 
by half sib correlation 
inbred Rambouillet rams, by 
half sib correlation 
inbred Rambouillet ewes, by 
half sib correlation 
inbred Targhee rams, by 
half sib correlation 
inbred Targhee ewes, by 
half sib correlation 
inbred Columbia rams, by 
half sib correlation 
inbred Columbia ewes, by 
half sib correlation 
by daughter-dam regression 
Shelton and Campbell (I962) from .14 to 
from crossbred animals 
by daughter-dam regression 
by half sib correlation 
42 by half sib correlation 
25 by intra sire daughter dam 
regression 
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Table l8 (Continued) 
Reference • Estimates Remarks 
Ercanbrack et al. (1965) from ,17 to ,25 
Bichard and Yalein (I964) ,10 + ,06 by half sib correlation 
Botkin (1964-) ,21 by half sib correlation 
Botkin (196^) ,59" by full sib correlation 
Butcher et al. (1964) ,0.00 • intra sire reg, of off-on 
dam or paternal half sib 
correlation 
Generally, the heritability of .258 estimated from purebred lambs 
agrees with those estimates in the literature, but the 0.122 estimated from 
the crossbred lambs is somewhat lower, Nevertheless, the latter estimate 
falls in the range of estimates of Hazel and Terrill (1946), Felts et si. 
(1957); Blackwell and Henderson (1955), Balch (1962) and Ercanbrack 
et a2, (1963). It is, however, higher than that of Blackwell and 
Henderson (1955), Butcher et al. (1964), Givens et (i960) and Bichard 
and Yalcin (1964). The estimate of Givens et al, (i960) is derived 
from crossbred data. 
Heritability estimates in this study as in many other sheep data 
should be somewhat inflated due to the fact that some lambs from the 
same ram are full sibs rather than half sibs. Hazel and Terrill (19^5) 
met with a similar situation where approximately 1.3^ out of all compari-^ 
sons within sire groups were between full sibs. They concluded that 
adjustment for the presence of twins was unnecessary. In the data at 
hand the comparable proportions are 4.1% and 4.3% in purebred and 
crossbred progeny respectively. Adjustment for the presence of twins 
was not adopted. 
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Sire Effects 
Tables 9 to 13 show the least squares estimates of sire effect ' 
within each of the year and "breed-of-sire subclasses for the purehreds 
and the crosshreds. The covariance "between sire estimate in the purebred 
and sire estimate in the crossbred was computed as follows; 
& 9 = ™ =^-^7 . 
Enfield and Bempel (1962) reported a negative estimate of -2,42 for 
similar covariance of weaning weight in swine. The correlation "between 
the two estimates is: 
, —..824 
Vx "5^% (5.®5)(2.79l) 
Robertson (1959^) and Tallis (1959) showed that the variance of such 
correlation estimate is relatively high. For this set of sires, 
Kendall's rank correlation as explained "by Maxwell (1961) was calculated 
as 0.2, It did not reach the significance level. 
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CHAPTER SIX. DISCUSSION 
Fixed Effects 
Breeds 
In the purebred flock the difference among breeds was always signi­
ficant.- In Model II where the analysis was done on the purebred and 
crossbred together, the differences among breeding classes were also 
significant. In both cases the Hampshire excelled the other breeds 
or crosses in weaning weight, Shropshire ranked second among the four 
breeds in five of the six years. 
However, the picture is somewhat different in the analysis of 
crossbreds. As defined in the model the breed in the analysis of 
the crossbreds is the breed of ram. Such definition, then, tends 
to make the "breeds" overlap in their genetic make up. For instance, 
progeny from Hampshire rams and Merino ewes will be in the same 
class as those from Hampshire rams and Shropshire ewes, while those 
from Merino rams and Hampshire ewes which have the same genetic 
make up (the reciprocal of the first) would be in a different class. 
Thus, one should not place great importance on the "breeds" in the 
crossbreds for not all sires are mated to the same type of ewe. 
The main purpose for making such analysis was to get some idea 
about the ranking of sires within breeds of ram, 
Presumably, because breeds as defined in the model are less distinct 
in the crossbreds, the differences among breeds in the crossbred analysis 
were not generally significant. Out of the 5 years studied in Model I 
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significance -was found only in two years, namely i960 and I962. The 
high P ratio for "breeds in 1962 may "be due mainly to the low mean square 
of sires against -which breeds are tested (Table 8). This mean square 
among sires yielded- a negative estimate of cF. The mean square for breeds 
in Table 8 is less than the residual mean square. 
Correction for breed of ewe within breed of sire was not attempted 
because of the rather small number of lambs from each breed of ewe within 
that of sire which is evident in Table 20. 
The proportion of (R^) variability in weaning weight which is accounted 
for by factors assumed in the model was consistently higher in the pure-
breds than in the crossbreds. Table 19 shows for purebreds and 
crossbreds in different years. A reason for that difference may be that 
variability due to breeds of dams within breed of sire has not been 
accounted for in the crossbred analysis while this source of variability 
is eliminated with breeds in the purebred analysis. 
Table I9. Fraction of variability (î^) accounted for 
Year 
Purebred Crossbred 
1958 0.81 0,55 
1959 0.77 0.58 
1960 0.77 0,63 
1961 0.79 0.46 
1962 0,76 0,63 
In all years except for I962 residual variance of weaning weight was 
higher in the crossbreds than it was in the purebreds. How, if breeds 
of ewe have been balanced across rams within breeds then variability due 
Table 20, Distribution of crossbred lambs by sire and breed of ewe 
Breed Breeding 
of of 1958 sires 
Sire ewe 
1959 sires i960 sires 1961 sires 1962 sires 
Hamp- . IL 6k 9L 810 6k 9L 20J 1016 IM 1020 1016 lo4o 1036 1050 1086 
shire Sh 1 3 2 3 3 1 2 1 1 1 3 4 2 5 
(H) M 1 2 1 3 3 3 1 1 1 2 4 2 3 3 
ShxM 1 2 3 1 1 2 3 2 4 3 
S'dxSh 1 3 2 1 1 1 1 
S'dxM 1 2 2 1 2 2 2 3 k 2 5 
• 
1 3 3 
Shrop­ n 8H 12L I9L 3aK 2000 2010 30K 2000 2031 30M 2010 2062 30K 
shire H 5 3 3 1 1 2 2 2 4 2 
(Sh) M 4 3 4 1 2 3 4 3 4 5 0 
HxM 1 2 2 2 2 5 3 4 7 5 4 
S»dxH 3 3 3 2 3 5 3 4 2 3 
S*dxM 2 k 1 3 1 2 k 4 5 1 2 
South­ 5L 8k IIK 5L llK 1755 3003 3017 3010 3017 6m 8k 
down H 2 5 3 3 3 5 2 1 1 2 
(8'd) Sh 3 2 1 3 1 2 2 1 1 1 2 
M 14- 3 3 2 2 5 1 2 2 
HxSh 2 2 2 3 2 3 3 
HxM 2 1 1 4 1 k 3 3 
ShxH 2 2 1 3 5 1 2 
ShxM 1 1 1 2 2 5 2 2 
(M)x(HxSh) 1 3 
(M)x(ShxH) 1 1 1 
Table 20 (Continued) 
Breed Breeding 
of of 1958 sires 1959 sires i960 sires I961 sires 1962 sires 
Sire eve 
Merino IJ 21J I625 LJ 21L 1625 400Ï 4025 4o$6 4001 ho6o 40$1 4o65 4ll6 
(M) H 2 2 . 1 1 1 
Sh 2 2 1 4 1 • 3 5 
HxSh 2 1 3 5 2 1 2 2 2 5 
HxS*d - 1 
ShxH 5 2 1 2 2 2 2 4 1 5 4 
ShxS*d 3 2 3 
S'dxH 2 1 1 2 1 6 
S*dxSh 1 1 2 1 2 2 
HxS'dxSh 
2 2 1 
ShxS*dxH 
1 1 1 
S'dxHxSh 
1 2 
S'dxShxH 
1 1 1 
6i 
to breed of eve "would appear in the residual M.Sq.. but not in M.Sq,. for 
sires. This would make estimate of in the crossbred too small. 
This appears to have happened. Table 20 shows the distribution of 
breeds of ewes to rams within breed. Even though numbers in this table 
are too small to jnake a sensitive test, the hypothesis of equal distribu­
tion of breed of ewe on rams within breeds was tested by Xp. The 
hypothesis did not prove false except in 2 out of the I9 sire groups, 
namely the Southdowns of i960 and I961. 
The means of the crossbred progeny were synthesized according 
to their mean in the purebred state.and in the same breed blood proportions 
under the assumptions that there is no differential maternal influence 
and that breeds combine additively. In all cases, except for the 
progeny of Shropshire sires in I958, the actual mean was considerably 
higher than that calculated under these assumptions (Table 21). 
Table 21. Actual and synthesized means of crossbred lambs (lbs.) 
Me^an of Crossbred 
Year Breed of sire Difference 
Actual Synthesized 
1958 Hampshire 6I.5 61.2 0.3 
Shropshire 54.8 55,5 -0.5 
Southdown 60.0 5^.1 5.9 
Merino 58.T 55.0 5.7 
1959 Hampshire 72.1 71.5 0.6 
Shropshire 72.2 65.9 6.5 
Southdown 7^.0 59.8 l4.2 
Merino 19.7 65,9 9.8 
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Table 21 (Continued) 
Year Breed of sire Mean of 
Actual 
Crossbred 
Synthesized 
Difference 
i960 Hampshire 78.1 68.4 9.7 
Shropshire 71.5 65.5 8.0 
Southdown 65.U 65.2 2.2 
Merino 69.0 60.5 •8.7 
1961 Hampshire ' 77.5 69.9 7.6 
Shropshire 72.2 65.7 7.7 
Southdown 72.7 61.1 11.6 
Merino 67.7 58.2 9.5 
1962 Hampshire 77.2 72.2 5.0 
Shropshire 76.0 69.5 6.5 
Merino • 75.7 62.2 15.5 
The synthesized means being smaller than the corresponding 'actual 
means lead to the conclusion that the difference is due to hybrid 
vigor. Lush et al. (1959) concluded from similar evidence, i.e., 
crossbreds exceeded the average of tvo parents, that non-additive 
effects must exist among swine breeds. There was also a trend that the 
higher the proportion of crossbred ewes, the wider the difference would 
be between the actual and synthesized means. According to expectations 
the crossbred ewes yield more milk and are better able to nurse their 
lambs (Terrill, 1960j Bonsma^ 1959J Rae, 1952a and. bj Sidwell a^., I965; 
and Davie8, 1965). Sidwell et al. (1965) showed an average increase of 
5.2, 9.5, 10.4 lbs. of 2, 5, 4-breed crosses, respectively, above 
purebred lambs with similar inheritance. 
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Sidwell et (I963) reporting on data from the same origin as the 
ones at hand, found that breed and breed crosses contributed significantly 
to the variability in weaning weight. Their finding that Hampshire lambs 
were heaviest at weaning, followed by ÇXB, Shropshire, Merino, and South-
downs, was generally confirmed in the present investigation. Sidwell 
et al. (1963) reported an advantage of 7 lbs. for all crossbred lambs 
over purebred lambs involving the same breed. This is comparable to the 
8,8 lb, difference found in this study. 
Sex 
Earn lambs were significantly heavier at weaning than ewe lambs. Mean 
squares due to sex differences within years were the largest of all 
variables. The differences between crossbred rams and crossbred ewes 
were consistently larger than differences between the purebreds both in 
absolute magnitude and when expressed as a percentage of the average 
weight of the two sexes. This is in the opposite direction from that 
expected according to Stonaker's hypothesis (196$) of homogametic heterosis. 
According to Stonaker's hypothesis the inbred or the purebred heterogametic 
sex should exceed the inbred or the purebred homogametic in body weight 
by a larger percent than the hybrid heterogametic sex should exceed the 
hybrid homogametic sex. In the present study crossbred and purebred ram 
lambs weighed. 19,2 and l4,6 percent more than crossbred and purebred 
ewes, respectively, 
Sidwell et s2. (1964)found a highly significant interaction between 
sex and purebred or crossbred lambs. They reported differences of 12% 
and 9/0 as compared with 19fo and 1% found in this study for crossbreds 
and purebreds, respectively. 
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Additive correction factors for sex, as used in this study to 
equalize the means are desired if hoth males and females have the same 
variance. In case they have unequal variance but have equal coefficients 
of variability, a.multiplicative correction factor may be more appro­
priate to equalize both the means and variances (Brinks et I961). 
However, Koch et (l959) found little difference in applying the two 
types of correction to birth weight in beef cattle. 
Some other differences between ram and ewe lambs in the literature 
are 4.8 and 6.6 lb. reported by Ch*Ang and Rae (1961); a range from $.4 
to 12,8 lb., depending on the breed, by 0*Ferrall (196^), 5.5 lb. by 
Sidwell et a2. (1964), 6.18 lb, by Smith and Lidvall (1964) and 2.8 and 
2.4 by Yalein and Diehard (1964). 
Harrington et (1958) noticed a possible sex-by-year interaction. 
Sex differences found in this study vary from one year to the other, but 
the variation does not seem to be enough to reach significance. The 
largest difference between sex constants was the 4.8 lb. found in I961 and 
the 6.2 of 1962. When this difference is tested against the least 
possible standard error of a comparison between différences, the t value 
is short of significance. The foregoing values were based on results of 
Model II, since it contains the larger number of lambs. 
* 
Type of birth 
Contributions of lamb type of birth and rearing to variability in 
weaning weight were highly significant in all years. As expected, 
lambs of single births were the heaviest, followed in decreasing order 
by twins raised as singles, twins raised as twins, and triplets. 
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The average superiority of single over the twin lambs was 9,5 lb. 
which is comparable to that found by Ch*Ang and Hae (1961) of 10 lb. 
Sidwell et al. (196I4.) reported difference of 11.5 lb.; O'Ferrall and Vial 
(1965), h,2 and 4.9 lb. and Smith and Lidvall , 5.6 lb. 
Effects of types of birth did not vary much from one year to another. 
Reasoning similar to that developed in examining sex-by-year interaction 
showed the lack of significance of type-of-birth-by-year interaction. 
Age of dam 
Age of dam did not seem to affect weaning weight significantly in 
this study. The constants shown in Tables 4 to 8 and 15 show, the incon­
sistency of ranking among different ages in different analyses. In the 
Model I analyses, age of dam showed significance only once in ten 
% 
analyses, while in Model II it showed significance in 5 years out of 5. 
This is mainly because' the smaller number per each age of dam resulted in 
larger standard errors of estimates. This rather small number in each 
age category would make it unsafe to draw conclusions about the effect 
of age of dam on weaning weight. The number of lambs per class could have 
been made larger simply by decreasing the number of classes as is frequently 
done in the literature, e.g. Sidwell et (1964). However, making the 
age interval one year was thought to permit, studying the effect of age 
of dam more critically and comparing results obtained with those 
reported in the literature, especially those of Blackwell and Henderson 
(1955). Discussion here will be based on the Model II analysis where 
numbers are relatively larger (Tables l4 and 15). 
66 
To get a general idea as to how age of dam affects weaning weight, 
constants for age of dam were averaged across years, each weighed 
by the nvimber in its class. The results are as follows: 
2 year old ewe -3.3 lb. 
5 year old ewe +1.1 lb. 
4 year old ewe +2,1 lb, 
5 year old ewe +1.4 lb. 
6 year old ewe -0.6 lb. 
7 year old ewe +0.6 lb. or -.01 if I963 is excluded. 
>7 year old ewe -1.7 lb. 
The estimated average of the seven year old ewes did not fall in line 
with adjacent ages. This was mainly due to the high estimate for that 
age in the I965 data, namely +$.1, the highest in that year. If the I965 
estimate was excluded the average of the 7 year old ewes will fall in 
line with the other ages. According to the results obtained, the heaviest 
lambs at weaning are those from 4 year old ewes. Si dwell et a2. (1964) 
reported that k to 6 year old ewes grouped into one class had the heaviest 
lambs. A weighted mean of these classes in this study shows similar 
results. 
Smith and Lidvall (1964) reported that ewes 5 to 6 years old weaned 
lambs heavier than either 2 year old ewes or ewes from 7 to 10 years of 
age. • Shelton and Campbell (1962) and Oh*Ang and Rae (1961) found that five 
year old ewes weaned the heaviest lambs. The present findings agree with 
Blackwell and Henderson (1955) that regression of lamb weaning weight on 
age of dam is curvilinear, reaching the maximum at about 4 to 5 years of 
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age. O'Ferrall and Vial (1965) found no significant difference between 
three and four year old ewes and a significant difference "between 2 and 3 
or more. Contrary to the present findings, Yalcin and Bichard (1964) 
noticed that seven year old ewes had the heaviest lambs at weaning. 
Milk yield of the ewe seems to he the most important factor influenc­
ing the growth of young lambs, especially in the first few weeks when 
the lamb is wholly dependent on milk (Owen, 1957/ and Donald, I962), 
Montanaro in 19^9 (as reported by Owen, 1957} found that milk production 
increased in succeeding lactations to reach the maximum in the fifth and 
subseq.uently declined. Both Barnicoat et al. (1956a, b) and Owen (1957) 
in their extensive studies of milk production in sheep did not find 
consistent association between age of ewes and amount of milk secreted. 
However, Hunter (1956) stated that "mature ewes maintained a higher level 
of milk production throughout lactation than young ewes; the difference in 
the yield was due to the fact that there was a higher degree of persistency 
of production on the part of the mature ewes", Barnicoat (1956a, b) 
pointed out that level of nutrition is the factor most capable of influenc­
ing milk production in the ewes. 
Age at weaning 
Regression of weaning weight on age of lambs (which is simply the 
growth rate of the lambs per day during the interval around weaning) was 
consistently significant in the Model II analysis,' It was not so, 
however, in Model I. An explanation is that numbers in the band analysis 
being larger, they varied in age more at weaning than the smaller groups 
of Model I, The average age at weaning was 121 days with an average range 
of 20 days (Model II), 
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The real variation in the, regressions of different years may reflect 
the effect of environmental factors vithin the period of the range of 20 
days on growth of lambs. Favorable environmental conditions in that 
period, e.g., rainfall, may "boost the actual regression considerably. 
Donald (I962) estimated regression of weaning weight on age at weaning 
as 0,61 lb. per day in one year as compared to 0.2 lb. per day in the -, 
following year; the difference, he reported, may be due to rainfall, 
pasture conditions, etc. Some comparable estimates are those of Warwick 
and Oartwright (1958) of 0.5; MacNaughton (1959) of 0.55 and 0.4-9 for 
Rambouillet and Corriedale lambs, respectively, and Botkin et a^. (1956) 
of 0.47. The average in this study for all years was approximately 0.50 
lb. per day. 
Bands 
Differences among the weaning weights of bands in all years were 
highly significant (Table 14). Least square means (lb.) for bands 
extracted from Table I5 are as follows: 
Band 1959 . i960 1961 1962 1963 
I 73.7a 70.2a 70.2a 72.8a 70.3a 
II ' 64.6b 67.0ab 70.4ac 67.9b 65.8b 
HI 64.5b 69.5ab 65.4b 68.3b 67.1b 
IV 64.5b 66.4abc 68.7b 65.9b 
Results of Duncan* s multiple range test of these means are shown 
above by the letters. When a letter is common between two means, they do 
not differ significantly; otherwise they do. 
Management procedures employed in different bands had a pronounced 
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effect on body -weight. In all years those lambs observed in Band I had 
the heaviest weight at the age of approximately 4 months. The lambs in 
Band I were in dry lot from 1959 through 1962 and they were weaned at an 
average age of 6o days and then turned onto renovated pasture in 196$. 
Eo significant differences were found among the other bands except for a 
difference of 5 lbs. between Bands II and III in 1961. 
In passing) it is important to point out that bands are not exactly 
the same in different years, since they differed in the number of thera­
peutic treatments applied. Actually, this was the reason for making the 
analysis within years. Also treatments might have interacted with years. 
A treatment aimed to curb parasite propagation as compared to the control 
would seem to have a larger influence in a hot, humid summer than in a 
moderate one. 
However, if different treatments were best suited to different 
breeds, it would be advised that the flock be separated into different 
breeds with each receiving the treatment best suited for it. To get 
some idea about this, interaction between breeds and bands was studied 
on 1962 and 1965 weaning weights. As is indicated in Table 22, these 
interactions generally are not significant, implying that differences 
among bands in weaning weight are more or less the same in different 
breeds. However, when interactions were fitted mean squares for bands 
did not reach the level of significance. 
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Table 22, Analysis of variance of weaning -weights with "breed x band 
interaction included in the model 
Source of variation 
D.F, 
1962 
Mean squares D.F. 
1963 
Mean squares 
Breeds 6 1,985.BgG 5 3,939.76* 
Sex 1 10,620.148 1 7,967.94* 
Type of birth 2 2,931.458 2 2,119,97* 
Age of dam 6 263.86^ 6 162.92 T) 
Bands 5 220.80 3 151.09 
BreedxBand 18 139.17 15 72.43 
Reg. on age 1 2,074.16* 1 3,403.76* 
Residual 265 92.43 312 84,24 
Total S.Sq,. 62,321.51 70,227.73 
^ < .01. 
, t -
^ Heritability 
The heritability estimates of 0,258 and 0,122 for the purebred and 
crossbred flocks respectively, generally fall in the range of estimates 
reported in the literature. Table l8 is set out for comparison. However, 
it should be borne in mind that heritability is not an invariant 
property of the character alone; rather it depends on the population and 
environment as veil. 
Variance components needed for estimating heritability were obtained 
from pooling the analyses within years. As was explained earlier, some 
of the years would have yielded a negative sire component, had they been 
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used alone. The sire,components calculated for each year separately 
were as follows: 
purebred crossbred 
1958 11,5 4,9 
1959 -3.4 14,1 
i960 13.3 . -7.6 
1961 15.6 3.5 
1962 -8.5 -4,5 
îThe pooled variance components actually used are a weighted average of 
these. 
Far pooled sums of squares to yield unbiased estimates of variance 
components Morley (l950) showed that either the numbers in the subclasses 
• have to be equal or homogeneity of variance should prevail. 
In the present study the numbers are disproportionate. Bartlett's 
test of homogeneity of variance did not show that residual variances 
within years were heterogeneous. However, the question remains of how 
to handle the estimated negative variance components. Ignoring them or 
considering them as zero will bias the estimates upwards. The negative 
sire components are not amenable to Bartlett's, Hartley's or Cochran's 
test of homogeneity of variance, Nor was it possible after examining the 
data to find reasons why sire means within some years were more alike 
than they should have been. This much sampling variation among variance 
components, however, is expected with small numbers. 
However, an extremely crude way of testing homogeneity of sire 
components o? and of different years is by 10 
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t: i i 
where and n^ are the corresponding degrees of freedom. Under the 
central-limit theorem this is true only if there are very large numbers. 
A further point which stands against this test is the assumption that 
2aA 
v(a?) = —— , more correctly, the variance of of is a function of the 
• . i 
residual mean square, sires mean square and covariance between them, 
since it is estimated by subtraction. 
Being not able to decide objectively which years to use and what not 
to use, all years were used. Some other reasons also favored such a 
choice. As a major concern of the study was to investigate relation­
ships between purebred and crossbred half sibs, the progeny groups 
were desired to be from the same sires in the purebred and the crossbred 
groupings. So, if the years within breeding type (i.e., purebreds or 
crossbreds) that yielded negative sire components would have been removed, 
namely purebred of 1959 and I962 and crossbred of i960 and 1962, the 
estimates from both groups would not have been comparable because they 
would contain different sires and years. If we also thought of removing 
years from both types of breeding that have at least one negative sire 
component that would cut the data usable to approximately one-third of 
all data available for that model. 
No exact estimate for standard errors of such estimates of herit-
ability have been worked out. However, one that was shown by Fisher (l94l) 
modified and used by Hazel and Terrill (l9^5) and others and discussed by 
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Robertson (1959) is the following: 
cr(Hn) = 4 [ ] . 
(A + B)^ V (l/2)(k-l)kn 
The value of k is constant in case of equal numbers. Hazel and Terril 
(1945), ho'wever, used an average value of number of progeny per sire, 
viz, the coefficient of sire component in ANOV, in place of k. 
Following, the same procedure; 
a(Hn) = t t (81.58)(12;.96) i . o.lte 
(87.21)2 yi/s (7.528-1)(7.528)(56) 
for the purebreds, and 
.(m) = t [ (88.261(114.67) 1 . 0.098 
(91.05)® V1/2 (9.46-l)(9.t6)(56) 
for the crossbreds. Thus, for the purebred Hn = 0,258 + 0,l43 and for 
the crossbred Hn = 0,122 + 0,098, Standard errors of the estimates 
appear to be large relative to the estimates themselves. However, the 
intra-class correlation is multiplied by 4 to obtain the heritability and 
•with it any error in the estimation will be also quadrupled. Lush (1948) 
stated that "in most sets of data this (magnification of errors) is the 
most serious handicap to the half-sib resemblance method," 
Using Wearden*s argument of 1959, numbers of progeny per sire needed, 
imder similar conditions, to detect any genetic differences among sires 
with 0,75 power and at type I error level of 0,-05 are approximately 10 
and 20 as compared with 9 and 7 actually used for purebreds and crossbreds, 
respectively. 
Insofar as the heritability estimates found in this study represent 
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the fraction of reach that can be transmitted from one generation to the 
next, weaning weight should respond reasonably well to selection, 
nevertheless, estimates show that selection among sires for purebred 
performance according to the performance of their purebred progeny would 
be more effective than selection among sires for crossbred performance 
according to the performance of their crossbred progeny. This may be 
partly due to the fact that breed of dam has not been accounted for in 
the crossbred estimates, thus resulting in a higher error term, as was 
previously discussed in Chapter Five, 
These estimates of heritability found here are probably slightly 
inflated due' to the occurrence of twins. Resemblance between twins, i.e. 
at least full sibs, is expected to be more than in the half-sibs. 
Rendel (1956) introduced a method for correcting genetic relationship 
between half-sibs for the existence of full sibs. He calculates the 
average of genetic relation among mixed group as: 
rr = 0.25 [1 + ^  L a.8 compared to 0.25 for single lambs 
G n^n-lj 
only, where, 
n is number of lambs within groups within sires and 
b is number of lambs in each group of full sibs within groups of 
lambs within the same sire. 
Applying such correction to heritability calculated in this study 
would yield corrected heritability values of 0.268 and 0.II6 as compared 
to uncorrected ones of O.258 and 0.112 for the purebreds and crossbreds, 
respectively. The difference between the corrected and uncorrected 
heritabilities is rather small. 
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Sire Effects 
The correlation coefficient between sire performances in purebreds 
and crossbreds vas calculated as 0,82. Before discussirig the implication 
of this estimate a point concerning the interpretation of correlations 
between means should be explained. The "observed correlation" 
(Kempthorne, 1957) between sire means x and y_, say is r— = , 
\/v(î)v(J) 
E + k V 
and its theoretical expectation is — ^ where E 
and V are variance and covariance components of error and sire respectively, 
and k is the number of individuals per sire. If E E and E were XX' yy xy 
zero or very small or if k could be made extremely large, then the observed 
correlation would be a satisfactory estimator of the "true" correlation 
between sires transmitting abilities for traits X and Y, Since these 
conditions are not likely to be achieved, a more accurate method is to 
V 
estimate the correlation as —— as obtained from the variance-
covariance analysis. In the present study V and V were calculated XX yy 
from analysis of variance and the covariance is between two traits measured 
on different animals (half-sibs), 
Insofar as the value 0,82 is a reasonable estimate of the correla­
tion, its relatively high magnitude gives assurance that most of the 
gene effects which express themselves in purebreds are also expressed in 
crossbreds and that any selection based on purebred performance will 
result in nearly as much improvement in crossbred progeny as if selection 
were directly on the crossbred progeny. 
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In •well designed experiments one can tackle some aspects of the 
problems of interaction "between genotypes (i.e., specific combining 
ability) by procedures like the diallel cross. This is common in corn 
investigations and to some extent in poultry and swine work. Dickerson 
and Jinks (1956) discussed a generalized model that can be used in 
analyzing diallel cross among breeds. 
However, in data such as we have here, one can gather some evidence 
from two sources whether certain matings combine specifically to produce 
superior crossbred lambs. The first is . If the genotypes of the 
X 
sires nick with the genotypes of ewes from different breeds to produce 
superior or inferior progeny, this would be included in cF . Nevertheless 
X 
0^ seems to be an underestimate as was formerly explained. One can also 
^x 
follow a concept, similar to that introduced by Falconer and Latyszewski 
(1952) and Falconer (1952 and i960) of studying genotype-environment 
interaction by means of the correlation between performance under two 
different enviorrunents. 
Expression of sire's genotype in purebred and crossbred progeny may 
be considered as two different characters. One, then, can estimate the 
correlation between the two performances. A high correlation indicates 
the prevalence of additive gene action while a low one indicates the 
importance of non-additive gene action. Following this concept, it is 
also possible to estimate the improvement in one character if selection 
is based on the other. Using Falconer's (I960) notation by letting, 
Ry = response in crossbred weaning weight by direct selection, 
ÇR = indirect response in crossbred weaning weight (Y) by selecting 
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on purebred -weaning weight (CX), 
1 = selection differential in standard units, 
h^ = square root of heritability in purebred, 
hy = square root of heritability in crossbred, 
a = phenotypic standard deviation of X = Vo^ + and 
9% S 
0 = phenotypic standard deviation of Y = + cr . 
Then: 
OBy = 1 r 
Although crossbred performance cannot be selected for directly on the 
sires themselves it is informative to compare situations as if it could 
be. The ratio of improvement expected in crossbred performance from 
selection on purebred performance (CE^) to the improvement from hypothetical 
direct selection is 
= (-8^) 1-22 
assuming equal selection intensities. The advantage of having high 
heritability in the indicator trait more than offsets the fact that the 
genetic correlation is less than perfect. 
Another possible situation, however, is where a group of sires has 
been progeny tested on the same breed and it is of interest to know 
how this selection will improve crossbred performance of sires relative to 
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that achieved if selection had b^en made directly according to crossbred 
performance. The relative efficiency of correlated to direct response in 
this case vill be: 
•where it is assumed that number of progeny per sire in the purebreds and 
crossbreds are equal to 10 (to make relations easier to see) and the 
selection intensities are also equal in both breedings. 
. Generally, because of the relatively high correlation and the higher 
heritability in purebred than in crossbred performance, selecting sires 
according to their purebred performance on mass selection and progeny 
test basis •would secure 22^ and 12^ more improvement, respectivelyin 
crossbred performance than if selection was directly on the crossbred 
basis. These statements of course are based on the assumption that the 
two estimates of heritability and the genetic correlation are correct; 
and they are subject to large sampling errors. In addition, there is 
reason to suspect that the heritability of crossbred performance may 
have been underestimated because of having included in the residual 
mean square a larger fraction of the differences between breeds of 
dam than was included in the mean square between sires. 
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chajtee seven. summary 
The main purpose of this investigation was to evaluate rams by 
means of both purebred and crossbred progeny performance and to study the 
relationship between the two evaluations. The character studied was 
weaning weight. 
Data were available on I852 lambs and were collected during the 
period from 1958 through I963 from the U.S.D.A. sheep flock of the 
Agricultural Center at Beltsville, Maryland. The breeds involved were the 
Hampshire, Shropshire, Southdown, Merino, Columbia-Southdale (CXS), 
Targhee and Dorset, Also, crosses among some of" these breeds were included 
in the data., 
In 1959 an investigation for controlling internal parasites was 
initiated. In 1959 animals were divided among three bands each having 
different treatments. However, in subsequent years there were four such 
bands. 
Progeny of sires having at least two purebred progeny and two cross­
bred progeny within the year in which they were used, were involved in 
studying sire effects. There were 44 sires that satisfied this condition, 
though they represent 56 entries, since some of the sires were used in 
more than one year. There were 4-52 and 554 purebred and crossbred 
progeny, respectively from these sires. However, .the rest of the data 
was used in studying the adjustable effects. 
The model used to study sire effects (Model I) included breed of 
sire, sire within breed of sire, sex, type of birth, age of dam, band 
and the regression of weight on age.at weaning. Analysis was carried out 
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within years separately for purebreds and crossbreds. Using Bartlett*s 
test, the residual variance did not prove heterogeneous, thus between sires 
and residual sums of squares were pooled across years, still separately 
for the purebred and crossbred progeny. 
From the pooled analysis, was estimated as 5,64 and 2,79 in^ the 
purebreds and crossbreds, respectively. The covariance between sire 
performances in purebreds and crossbreds was calculated as 5.27. Thus, 
s 
the correlation coefficient as estimated by equal 0,82, 
^p 
Heritabilities calculated from purebreds and crossbreds were 0,258 + 
0,1^3 and 0,122 + 0,098 respectively. Reasons were discussed as to why 
heritability in the crossbreds may be an underestimate of the true 
heritability. 
Performances of the sires in the purebred progeny and crossbred 
progeny were considered as two correlated characters, Heritability 
estimates and genetic correlation were used to calculate the ratio of 
indirect response in the crossbred progeny when selection was based on 
the performance of purebreds to the direct response. The ratio was 1,22 
on the basis of mass selection and 1,12 on the basis of progeny testing 
and 10 progeny per sire in each of the purebred and crossbred groups. 
Also, the assumption was made that selection intensities are equal in 
both cases. 
In general, investigation indicated that selection on the performance 
of the purebreds will also improve the "crossability" of sires. An 
average superiority of 8,8 lb, was found between the weaning weight of the 
crossbred lambs and the weighted average of the parental purebred 
performance. This difference is a measure of the hybrid vigor in the 
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crossbred lambs. 
The effects of weaning weight of sex, type of birth, age of dam and 
age at weaning were studied using all data, A model similar to Model I 
was used in this part of the study with the exception of sires. This 
model was called Model II, These effects were in general agreement with 
those reported in the literature. 
Band I had the highest weaning weight among the bands in all years. 
Animals in this band were kept in dry lot in the years 1959 to igSS. 
In year 196$, lambs of Band I weaned at the age of 60 days and turned 
onto renovated pasture (Chart l). However, the rest of the bands did not 
greatly vary from each other in weaning weight. Further investigations 
are needed to determine the impact of the anthelmintic treatments on 
subsequent weights, since at weaning treatments had not been applied long 
enough to produce detectable effects, if any. 
82 
'chapter eight, literature cited 
Balch, J. D, 1962. Estimates of genetic and phenotypic parameters in 
Columbia X Southdale sheep. Unpublished Ph.D. thesis, Blacksburg, 
Virginia, Library, Virginia Polytechnic Institute, 
Barnicoat, C, R,, Murray, P. F,, Roberts, E, M. and Wilson, G, S, 1956a, 
MLlk secretion studies with New Zealand Romney ewes, V, Experimental, 
Journal of Agricultural Science 48: 10rl2, 
Barnicoat, C, E,, Murray, P, Roberts, E, M, and Wilson, G, S. 1956b. 
Milk secretion studies with ITev Zealand Romney ewes. VI, Yield eind 
Composition of ewe*s milk in relation to growth of the lamb. Journal of 
Agricultural Science 48: 12-18, 
Bichard, Maurice and Yalcin, B. 0, 1964, Crqssbred sheep production. 
Animal Production 6: 179~l87. 
Blackwell, R, I, and Henderson, C, R, 1955. Variation in fleece weight, 
weaning weight and birth weight of sheep under farm flock condition. 
Journal of Animal Science l4: 851-845. 
Bonsma, ?, N, 1959» Factors invluencing the growth and development of 
lambs, vith special reference to cross-breeding of Merino sheep for fat-
lamb production in South Africa, Pretoria, University of. Publication 
Series 1: Agriculture 48; 1-214. 
Botkin, M, P. 1964. Post-weaning performance in Columbia and Corriedale 
lambs. Journal of Animal Science ^ 5 : 152-155. 
Botkin, M, P., Stratton, P, 0, and Faulkner, E, U, 1956. Some factors 
influencing weanling traits in purebred Rambouilet lambs, (Abstract). 
Joufnâl of Animal Science I5: 1227, 
Bowman, J, C, i960. Recurrent selection, 1, The detection of over-
dominance, Heredity 14: 197-206, 
Bowman, J, C, 1959. Selection for heterosis. Animal Breeding Abstract 
27: 261-275. 
Bradford, G, E,, Chapman, A, B, and Grummer, R. H. 1958. Effects of 
inbreeding and selection, linecrossing and topcrossing in swine, I, 
Inbreeding and selection. Journal of Animal Science 17: 426-440, 
Bradford, G, E,, Torell, D, T,, Spurlock, G, M, and Weir, W, 0, I965. 
Performance and variability of offspring of crossbred and purebred rams. 
Journal of Animal Science 22: 617-625, 
Brinks, J. S,, Clark, E, T., Rice, F, J, and Kieffer, E, M, I961. 
Adjusting birth weight, weaning weight and preweaning gain for sex of 
8^  
in range Hereford cattle. Journal of Animal Science 20: 363-567. 
Broadbent/ J, S, and Bowman, J, C« 1964. Progeny testing of Suffolk 
rams on three maternal breeds. Animal Production 6; 215-225. 
Butcher, R. L., Dunbar, R, S, and Welch, J. A. 1$64. Heritabilities of 
and correlations between lamb birth weight and l40 days weight. Journal 
of Animal Science 23: 12-15. 
Carter, W, H. and Henning, W, L. 1951. The effect of heterosis on birth 
weight of lambs. (Abstract) Journal of Animal Science 10: 1023. 
Carter, W. H., Copenhaver, J. S,, Gaines, J, A. and McClaugherty, F. S. 
1957. Western replacement ewes for Virginia flocks. Virginia Agricultural 
Experiment Station Bulletin k-86. 
Carter, W, H., Kincaid, C. M., Gaines, J. A, and Litton, G. W. 1958. 
Breeds of rams for spring lamb production. Virginia Agricultural Experi­
ment Station Bulletin 4-92. 
Chambers, Doyle and Whatley, J, A., Jr. 1951. Heterosis in crosses of 
inbred lines of Duroc swine. Journal of Animal Science 10: 505-515. 
Ch*Ang, T. S. and Eae, A. L. I961. Sources of variation in the weaning 
weight of Romney Marsh lambs, New Zealand Journal of Agricultural 
Research 4: 578-582. 
Clarke, E. A. I962. Crossbreeding in sheep. New Zealand Journal of 
Agriculture 105: 393-399. 
Comstock, R. E. I960. Problems and evidence in swine breeding. Journal 
of Animal Science 19: 75-83. 
Coop, I. E. 1957. Border Leicester cross ewes for fat-lamb production. 
New Zealand Journal of Science and Technology 38: 966-986. 
Coop, I, E. and Clark, V. R. 1957. Breeds of rams for fat-lamb pro­
duction, New Zealand Journal of Science and Technology 38: 928-946. 
Cox, D. P., Legates, J. E. and Cockerham, C. C. 1959. Maternal influence 
on body weight. Journal of Animal Science I8: 519-527. 
Craft, W. A. 1953. Results of swine breeding research. United States 
Department of Agriculture Circular 916. 
Craig, J. V. and Chapman, A, B. 1953. Experimental test of predictions 
of inbred line performance in crosses. Journal of Animal Science 12: 
124-139. 
84 
Damon, R, A., Harvey, W. R., Singletary, C, B., McCraine, S. E. and 
Crown, R. M, I96I. Genetic analysis of crossbreeding "beef cattle. 
Journal of Animal Science 20: 849-857. 
Davie s, H, L, 196$. !Che milk production of Meriono ewes at pasture. 
Austrialian Journal of Agricultural Research 14: 824-838, 
deBaca, R, C., Bogart, R,, Calvin, L. D. and Nelson, 0. M. 19$6. 
Factors affecting weaning weights of crossbred spring lambs. Journal 
of Animal Science I5: 667-678, 
Dickerson, G.  E. 1952. Inbred lines for heterosis tests. In Gowen, 
J, W,, ed. Heterosis, pp. 550-351. Ames, Iowa. Iowa State College 
Press. 
Dickerson, G. E,, Lush, J, L. and Culberston, C. C. 1946. Hybrid vigor 
in single crosses between inbred lines of Poland China swine. Journal 
of Animal Science 5: 16-24, 
Dickerson, G, E., Blunn, 0. T., Chapman, A. B., Kottman, R. M., Krider, 
J. L., Warwick, E. J,, and Whately, J, A,, Jr. 195^. Evaluation of 
selection in developing inbred lines of swine, Missouri Agricultural 
Experiment Station Research Bulletin 551. 
Dickinson, A, G. and Jinks, J. L, 1956. A generalized analysis of 
diallele crosses. Genetics 4l: 65-78. 
Donald, H. P. 1955. Controlled heterozygosity in livestock. Royal 
Society, Proceedings Series B l44: 192-205, 
Donaig,H. P. I962. Effect on production records of sex of lamb, trimming 
and dams age in grassland flocks. Animal Production 4: 569-577. 
Donald, H. P, Read, J, L. and Russell, W.  S .  I965. Heterosis in cross­
bred hill sheep. Animal Production 5: "^89-299. 
Durham, R, M,, Chapman, A. B, and Grummer, R, H, 1952, Inbred versus 
non-inbred boars used in two sire herds on Wisconsin farms. Journal of 
Animal Science 11: 154-155. 
Eaton, 0. H., Neville, W. E, and Dickerson^ G, E, 1950, General and 
specific combining abilities in mouse crosses. (Abstract) Journal of 
i^imal Science 9: 656-657, 
Enfield, F, D, and Rempel, W, E. I962, Covariance of sire effects on 
purebred and crossbred population of swine, (Abstract) Journal of 
Animal Science 21: 971. 
Ercanbrack, S, K,, Blackmore, D, ¥,, Van Horn, J, L., Blackwell, R, L,, 
Hoversland, A. S., Kyle, W. H., Drumond, J., Terri11, G, E. and Willson, 
F. S, 1965, Component of variation of weanling traits of top cross 
85 
Lambs, (Abstract) Journal of Animal Science 22: 8l8. 
Falconer, D. 8. 1952, The problem of environment and selection. 
American Naturalist 86: 293-295. 
Falconer, D. S. and Latyszewski, M. 1952, The environment in relation 
to selection for size in mice. Journal of Genetics 51: 67-80. 
Felts, V-, L,, Chapman, A. B, and Pope, A. L. 1957. Estimates of genetic 
and phenotypic parameters for use in farm flock ewe selection index. 
(Abstract) Journal of Animal Science I6; 1048. 
Fisher, R. A. 19^1, Statistical methods for research workers, 8th ed. 
Edinborough, Oliver and Boyd, 
Flower, A, E,, Brinks, J, A,, Urick, J. J. and Wilson, F, S, I963. 
Comparison of inbred lines and linecrosses for performance traits in 
Hereford range cattle. Journal of Animal Science 22: 91^-918, 
Foster, J. E, and Hostetler, E. H, 1939. •Changes in meat and vool 
characteristics resulting from the use of purebred mutton rams on native 
ewes, North Carolina Agricultural Experiment Station Technical Bulletin 
60. 
Fredeen, H, T, I956. Inbreeding and swine improvement. Animal Breeding 
Abstract 24: 317-326, 
Fredeen, H. T. 1957. Crossbreeding and swine production. Animal Breeding 
Abstract 25: 339-3^7. 
Givens, C. 8,, Jr., Carter, R. C,. and Gaines, J. A. I960. Selection 
indexes for weaning traits in spring lambs. Journal of Animal Science I9: 
134-139. 
Gorman, J. A., Hultz, F. 8., Hiner, R. L,, Hankins, 0. G., and Spencer> 
D. A, 1942. Crossbreeding for lamb and wool production. Wyoming 
Agricultural Experiment Station Bulletin 254. . 
Grandstaff, J. 0. 19^2.. Comparison of Corriedale X Navajo and Romney 
X Navajo crosses. Journal of Animal Science 7: 4-55-465. 
Graybill, F. A. I961, An introduction to linear statistical models. 
Vol, 1, New York, N.Y,, McGraw-Hill, Inc, 
Harrington, R. B., Whiteman, J. V., and Morrison, R. D. 1958. Estimates 
of some sources of variation in the body weights of crossbred lambs at 
different ages. Journal of Animal Science 17: 743-751. 
Harvey, W. R. i960. Least-squares analysis of data with unequal subclass 
numbers. United States Department of Agriculture, Agricultural Research 
Service -20-8, 
86 
Hazel, L. H. and Terril, G. E. 19^5. Heritability of weaning -weight and 
staple length in range Rambouillet lambs. Journal of Animal Science 4: 
347-258. 
Hazel, L, ET. and Terril, 0. E. 1946, Heritability of weanling traits 
in range Columbia, Coriedale and Targhee lambs. Journal of Animal 
Science 5: 371-577. 
Henderson, C, R. I^k9. Estimation of general, specific and maternal 
combining abilities in crosses among inbred lines of swine. (Abstract) 
Journal of Animal Science 8: 6o6. 
Henderson, C.. R, 1955. Estimation of variance and covarlance components. 
Biometrics 9: 226-252. 
Henderson, C. R. 1952. Specific and general combining ability. In 
Gowen, J. W., ed. Heterosis, pp. 552-570. Ames, Iowa, Iowa State College 
Press, 
Henning, W. L. and Keith, T. B. 1955. Crossing of different breeds of 
sheep for hot-house lamb production. American Societjr of Animal Production 
Proceedings 1955 î 175-3-75. 
Hetzer, H. 0., Comstock, R. E,, Zeller, J. H., Hiner, R. L. and Harvey, 
W, R. 1961. Combining abilities in crosses among six inbred lines of 
swine. United States Department of Agriculture Technical Bulletin 1257. 
Hultz, F. S,, Gorman, J. A. and Wheeler, 8, 8, 1955. Crossbreeding with 
Western ewes, Wyoming Agricultural Experiment Station Bulletin 210, 
Hunter, G, L, 1956, The maternal Influence on size in sheep. Journal of 
Agricultural Science 48: 56-60. 
Button, R. E, and Russell, E. Z. 1959. Production of hogs suitable for 
Wetshire sides. United Stated Department of Agriculture Circular 552, 
Joseph, W, E. 1951. Comparison of Hampshire and Rambouillet rams as 
sires of market lambs. Montana Agricultural Experiment Station Bulletin 
250. 
Karam, H. A., Chapman, A. B. and Pope, A. L. 1955. Selection of lambs 
under farm flock condition. Journal of Animal Science.12; l48-l64. 
Kempthorne, Oscar, cl952. The design of experiment, New York, H.Y., 
John Wiley and Sons, Inc, 
Kempthorne, Oscar, cl957. An introduction to genetic statistics, New 
York, M,Y., John Wiley and Sons, Inc, 
87 
Koch, R. M._, Gregory, K. E., Ingalls, J. E. and Art hand, R. L. 1959. 
Estlioating the influence of sex on birth weight and preveaning gains in 
heef cattle, (Abstract) Journal of Animal Science 18: 758. 
'Kyle, H. H. and Terrill, C. E. 1955,. HeritaMlity of some weanling and 
yearling traits for sheep born in 1951. American Society of Animal 
Production, Western Section, Proceedings 5, Ho. 25; 1-10. 
Little, J. 1917. The story of the Corriedale also a few suggestions as 
to the possible cause of block sheep. Willis and Aitken, Ltd. Ohristchurch, 
Uew Zealand. 
Losty, J. -p. 1925. Some observations on the Corriedale sheep of New 
Zealand, New Zealand Journal of Science and Technology 8: .5^2-555. 
Lush, J. L. 1948. The genetics of populations. Mimeo. Ames, Iowa, Depart­
ment of Animal Science, Iowa State University of Science and Technology. 
Lush, J. L., Shearer, P. S., Culbertson, C. C. 1939. Crossbreeding hogs 
for pork production. Iowa Agricultural Experiment Station Bulletin 856. 
Magee, W. T. and Hazel, L, N. 1959. General and specific combining 
ability for 154-day8 weight among line crosses in swine. Journal of 
Animal Science I8: 790-795. 
Marshall, P. R. and Potts, C. G. 1921. Flushing and other means of 
increasing lamb yield. United States Department of Agriculture Bulletin 
996. 
Maxwell, A. E. CI961. Analyzing qualitative data. New York, N.Y., 
John Wiley and Sons, Inc. 
McCluer, G. W, 1892. Corn crossing. Illinois Agricultural Experiment 
Station Bulletin 21: 82-101. 
MacNaughton, W. N. 1956. Repeatability and heritability of birth, 
weaning and shearling weights among range sheep in Canada, Unpublished 
Ph.D. thesis, Ames, Iowa, Library, Iowa State University of Science and 
Technology. 
Miller, R. P, 1955. Crossbreeding investigation in the production of 
California spring lambs, California (Berkeley) Agricultural Experiment 
Station Bulletin 598, 
Miguel, C. A. I965. Effect of heterosis on heritability of economic 
characters in beef cattle. Unpublished M.S. thesis. College Station, 
Texas, Library, Texas A and M University. 
Miguel, C. A. and Cartwright, T. C. 1965. Comparison of heritabilities 
in crossbred and purebred cattle. (Abstract) Journal of Animal Science 
22: 821. 
« 
4 
88 
Moll, R. H., Salhuana, ¥. S. and Robinson, H. F. I962. Heterosis and 
genetic diversity in variety crosses of maize. Crop Science 2: 197-198. 
Morley, F. H. If. 1950. Selection for economic characters in Merino sheep. 
Unpublished Ph.D. thesis, Ames,--Iowa, Library, Iowa State University of 
Science and Technology. 
Mbrley, F. H. ¥. 1955« Selection for economic characters in Austrailian 
Merino sheep. V. Further estimates of phenotypic and genetic parameters. 
Austrialian Journal of Agricultural Research 6: 77-90. 
Néale, P. E. 19^5. Production of wool and lamb from different types of 
ewes and breeds of rams. New Mexico Agricultural Experiment Station 
Bulletin 505. 
Helson, R. H. and Venkatachalam, G. 19^9. Estimates of the heritability 
of birth weight and weaning weight of lambs. (Abstract) Journal of 
Animal Science 8; 607. 
Uew Zealand Department of Agriculture. 19^0. Fields Division. Memorial 
to founder of Corriedale breed of sheep. New Zealand Journal of 
Agriculture 60; I56-I37. 
O'Ferrall, More and Vial, V. E. 19,^5. Correction factors for use in 
sheep flock recording. Irish Journal of Agricultural Research 2: 13-21. 
Owen, J. B. 1957. A study of the lactation and growth of hill sheep in 
their native environment and under lowland conditions. Journal of 
Agricultural Science 48: 387-4II. 
Crossbreeding of sheep. Animal Breeding Abstract 20: 
Crossbreeding of sheep. Animal Breeding Abstract 20: 
Ragab, M. T., Asker, A. A. and Kadi, M. R. 1955. Genetics factors 
affecting weights of Ossimi lambs, Emp, Journal of Experimental Agri­
culture 21: 50^^508. 
Reeve, E. C. and Robertson, F. W. 1955. Factors affecting multiple 
birth in sheep. Animal Breeding Abstract 21: 211-224. 
Rempel, W. E., Comstock, R. E. and Enfield, F. D. 1964. Comparison of 
performance of purebred and crossbred boars. Journal of Animal Sceince 
25: 87-89. 
Rendel, J, 1956^ Heritability of multiple birth in sheep. Journal of 
Animal Science 15: 195-201. 
Rae, A. L. 1952a. 
197-207. 
Rae, A. L. 1952b. 
287-299. 
89 
Robertson, Alan, 1^59a. Experimental design in the evaluation of genetic 
parameters. Biometrics 15: 219-226, 
Robertson, Alan, 1959b, The sampling variance of the genetic correlation 
coefficients. Biometrics 15; k69-h80, 
Robison, 0, W., Iiouca, A, and Legates, J. E. 1964a. Purebred and cross­
bred performance of paternal half-sibs of swine. (Abstract) Journal 
of Animal Science 25: 855• 
Robison, 0. W., Louca, A. and Legates, J. E. 1964b, Purebred and 
crossbred performance of paternal half-sibs of swine. Unpublished paper 
presented at the American Society of Animal Science meeting, Knoxville, 
Tennessee, August 1964b, Mimeographed. Raleigh, N.O., Department of 
Animal Science, North Carolina State University, 
Robison, W, L. 1948. Crossbreeding for the production of market hogs. 
Ohio Agricultural Experiment Station Bulletin 675. 
Sang, J. H, . 1956. Hybrid vigor and animal production. Animal Breeding 
Abstract 24: 1-6, 
Shelton, Maurice and Gambpell, Fred, I962, Influence of environmental 
adjustments on heritability of weaning weight of range Rambouillet. 
Journal of Animal Science 21: 91-94, 
Sidw'ell, G? M., Ever son, D, 0, and Terrill, C. E. I962. Fertility, 
prolificacy and lamb livability of some pure breeds and their crosses. 
Journal of Animal Science 21: 875-879. ' . -, 
Sidwell, G. M., Everson, D. 0. and Terrill, C. E. 1964. Lamb weights 
in some pure breeds and crosses. Journal of Animal Science 25: 105-110. 
Sidwell, G. M. and Grandstaff, J. 0. 1949. Size of lambs at weaning as 
a permanent character of Navajo ewes. Journal of Animal Science 8: 
375-380. 
Sidwell, G. M., Grandstaff, J. 0. and Price, D. A. 1951. Genetic and 
environmental factors affecting staple length in Navajo crossbred weanling 
lambs. Journal of Animal Science 10: 278-285. 
Sidwell, G. M,, Terrill, C, E, and Everson, D, 0, 1965. Lambs weights 
in some pure breeds and crosses. (Abstract) Journal of Animal Science 
22: 822. 
Sidwell, M. S., Everson, D. 0. and Terrill, C, E. I964. Lamb weights in 
some purebreeds and crosses. Journal of Animal Science 25 : IO5-IIO. 
Sierk, C. F. and Winters, L. M. 1951. A study of heterosis in sheep. 
Journal of Animal Science 10: 104-111. 
90 
Smith, H. J. anâ Lidvall, E. R. 1964. Factors affecting birth weight, 
daily gain and 120-day weight of Hampshire lambs. (Abstract) Journal 
of Animal Science 25: 8^4. 
Snedecor, G. W. CI956. Statistical methods. Ames, Iowa, Iowa State 
College Press. 
Stonaker, H. H. A genetic hypothesis for sex-mating system interactions 
in growth rate of cattle and poultry. Journal of Animal Science 22: 
320-325. 
Tallis, G. M. 1959. Sampling errors of genetic correlation coefficients 
calculated from, analysis of variance and covariance. Austrailian Journal 
of Statistics 1: 55-43. 
Terrill, C. E. 1959. Selection of range Rambouillet ewes. American 
Society of Animal Production Proceedings 1939: 353-340. 
'Terri11, C. E. 195^. Fifty years of progress in sheep breeding. Journal 
of Animal Science 17: 944-959. 
Terrill, C. E. I960. Improvement in sheep production methods. The National 
Wool Grower 17: 16-I7, 
United States Department of Agriculture. 1950. Crosses of Rambouillet 
inbred lines. United States Department of Agriculture, Agricultural 
Research Administration. Western Sheep Breeding Laboratory (Dubois, 
Idaho) Annual Report I3: 15. 
United States Department of Agriculture. 1955. Recurrent Selection. 
United States Department of Agriculture, Agricultural Research Service. 
Sheep Experiment Station and the Western Sheep Breeding Laboratory (Dubois, 
Idaho) Report I6: 56-41. 
United States Department of Agriculture. 195^. Lihecrosses. United 
States Department of Agriculture, Ag.ricultural Research Service. Sheep 
Experiment Station and the Western Sheep Breeding Laboratory (Dubois, 
Idaho) Report I7: 21-25. 
Warwick, B. C. and Cartwright, T, C. 1957. Heritability of weaning weight 
of milk lambs. (Abstract) Journal of Animal Science 16: 1025. 
Warwick, B. L. and Cartwright, T. 0. 1958. Adjustment of milk lamb wean­
ing weights to a standard age. Journal of Animal Science I7: 521-526. 
Warwick, E. J., Jr. and.Wiley, J. R. 1950. Progress in inbred lines of 
swine and their uses in crosses. Indiana Agricultural Experiment Station 
Bulletin 552. 
Wearden, Stanley. 1959. The use of power function to determine adequate 
number of progeny per sire in a genetic experiment. Biometrics: 417-425. 
91 
Wilson, S. P., Whatley, J. A., Jr., Whiteman, J. V. and Morrison, R. D. 
1962. Influence of sire and line of breeding on sow productivity. 
Journal of Animal Science 21: 119-122. 
Winters, L. M., Kiser, 0. M., Jordan, P. S. and Peters, W. H. 1955. 
A six years study of crossbreeding swine. Minnesota Agricultural Experi­
ment Station Bulletin $20. 
Yalcin, B. G. and Bichard, Maurice, I964. Crossbred sheep production, 
I. Factors affecting production from the crossbred ewe flock. Animal 
Production 6: 
Yalcin, B. C. and Bichard, Maurice. I965. Factors affecting the produc­
tion from a crossbred ewe flock. (Abstract) Animal Production 217. 
Yates, P. 193^. The analysis of multiple classification with unequal 
number in the different classes. American Statistics Association Journal 
29: 51-66. 
92 
CHAPTER NIKE. ACKNOWEEDGMEWTS 
The author wishes to express his sincere appreciation to Dr. L, H. 
Hazel for his council and support throughout this study. Dr. Hazel's 
assistance and constructive criticism are acknowledged with gratitude. 
The author also thanks Dr. J. L. Lush, for the advice and inspiration 
he offered were of great'help. 
The author will ever remember Dr. A, E. Freeman's role during the 
period of study and the comments he offered regarding the manuscript. 
Thanks are also due to Dr. W. F. Hollander and Dr. E. Pollak for 
serving on the graduate committee. 
The Animal Breeding graduate students deserve special thanks for the 
cooperation and the time they gave in discussing subjects pertinent to 
this work. 
The author also wishes to thank Dr. C. E. Terrill and his staff for 
providing the data. 
The writer finally wishes to acknowledge the financial and technical 
support rendered to him "by the Agency for International Development of 
United States Department of State and the government of United Arab 
Republic. 
